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ABSTRACT

Spectral, spatial, and temporal variations of outer zone

electrons with energies from i0 keV to iOO keV observed with

Injun 3 are presented. Electrons with E -_ 40 keV were constantly
e

observed precipitating into the a_nosphere for all latitudes,

A _ 45 ° . At latitudes below the high latitude boundary, the flux

of _ 40 keV electrons in the loss cone was observed to always be

10 -2 that of the locally mirroring flux. There was usually a

spike of precipitating _ 40 keV electrons observed at the high

latitude boundary and the flux of _ 40 keV electrons was usually

observed to approach isotropy over the upper hemisphere at the

position of the satellite at this boundary. Large intensities of

electrons with energies not much greater than 40 keV were observed

precipitating into the atmosphere for A _ 65 ° during magnetically

quiet periods and the position of the high latitude outer zone

boundary (intensity cutoff) was observed to vary by A A _ 7 ° while

,4-_ m_4-_r_+_r _,ra_ _nllY'Y'in_. The _atif.ude where the ratio

of the trapped to the precipitated >__0 key particle fluxes breaks

-2
from i0 toward one is introduced as a more meaningful concept

of the high latitude limit to durably trapped >-40 keY electrons

than the usual intensity cutoff.

iii



Strong observational support was found for the model of

Taylor and Hones [1965] which adiabatically accelerates and then

precipitates solar wind electrons in the auroral zone during

magnetically active periods. The existence of a two-stresm

instability mechanism reported by Stix [1964] and discussed by

Evans [1967] which can act during the intense _ 10 keV precipi-

tation events was also given observational support. Evidence is

presented for the existence of another mechanism which acts in

the region of the satellite (200 km to lO00 km) almost constantly,

directionally accelerates electrons with E _ 40 keV toward the
e

atmosphere, and produces isotropic electron pitch angle distribu-

tions over the upper hemisphere at the position of the satellite

predominantly at low altitudes right on top of the atmosphere

for the region of the outer zone A _ 65 ° •
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I. INTRODUCTION

A. Historical Background

The discovery of the radiation zones occurred early in

1958 using data from Geiger tubes flown on the first two U. S.

satellites, Explorers 1 and 3 [Van Allen_ Ludwig, Ray, and

McIlwain, 1958] and with the launch of Explorer 4 the detailed

investigation of the types of particles, their energy spectra,

their spatial distribution, and their time variations began.

It was with Explorer 4 that Van Allen, McIlwain_ and Ludwig

[1959] found a relative minimum in the count rates along the

line of force at approximately 50 ° geomagnetic latitude. It was

this relative minimum that became the dividing line between what

has become known as the classical "inner" and "outer" Van Allen

radiation zones. The Explorer 4 results indicated that the

inner zone contained radiation of a much more penetrating nature

than the outer zone.

The deep-space probe Pioneer 3 carried two Geiger counters,

one of which was of the same type as that on Explorer 4, out and

then back through the radiation zones. These data extended the

relative minimum between the inner and outer zone almost to the



geomagnetic equator and confirmed the results of Explorer 4

about the composition of the two zones ivan Allen and Frank,

1959J •

It has beel l stated by Farley [1963] that the results of

rio_eei 3 brought to an end the discovery of the gross features

of the ra_ia!ion zones. These gross features were outlined

?rin-i_]l,V +hr_ugb t_e work of Van Allen and his associates

and re_ain today a valid description of the radiation zones.

A Deriod of several years followed in which there was dis-

aRreement among the experimenters with regard to the intensities

and the energy spectrum of electrons in the outer zone. Most of

the discrepancies and disagreements were due to the non-ideal

nature of t_le early detectors that were flown, since it was not

Known whether the counting rates of these detectors were the

±'_s_±b _i hig_iur energ_ penetrating particles or bremsstrahlung

Qroduced by a large flux of lower energy particles. Matters were

further comDlicated due to the fact that many experimenters tried

to link the particles of the radiation zones with those precipi-

tated into visible aurorae which Mcllwain [1960] and others had

measured with rocket-borne detectors and had shown to have a

very steed spectrum rising toward low energies.



With the launching of the Injun I and Explorer 12 satel-

lites, the long period of controversy over the electron energy

spectrum was brought to a close. This was largely the result of

a well-designed differential magnetic spectrometer flown on each

satellite. In January, 1962, 0'Brien, Van Allen, Laughlin, and

Frank [1962] published flux estimates using data from Explorer 12

for electrons in the outer zone near the equatorial plane. The

intensities of electrons with energies greater than 40 key were

given as 108 particles/cm 2 sec; the intensities of those with

energies in the range 1.6 MeV < E < 5 MeV were given as 2 x 105
e

particles/cm 2 sec; and the intensities of those with energies

_eve 5 MeV were found to be less than 103 particles/cm 2 sec.

These measurements have been found to be substantially correct by

subsequent experimenters in this field. If one assumes a power

law for the integral electron energy spectrum, n (>E) = kE-Y_

then _ is approximately i. 5 for these fluxes.

In the present p_pez- _ _uuu4 _._ _._ _ ..... _ -= .... ,

and temporal variations of outer zone electrons in the energy

range from iO keV to I00 keV is made using the low altitude_

high latitude satellite Injun 3.



In the text the results of the more recent measurements of

outer zone electrons published in the literature will be dis-

cussed along with the results of the present paper.

B. Description of the Study

The present paper is divided into eight chapters. In

Chapter II a description of the satellite and the detectors used

in the study is given and in Chapter IIZ a description of the

various parameters used in organizing the study is presented.

The study itself is in three parts which constitute Chapters IV

through VI. In Chapter IV, the outer zone electron characteristics

which are present during quiet or undisturbed periods are presented,

and in Chapter V some characteristics of outer zone electrons

are presented during various degrees of magnetic activity indicat-

ing the conditions in the disturbed outer zone. In Chapter VI,

statistical studies are presented using various portions of the

Injum 3 data. These studies are designed to support and extend

the observations and conclusions drawn in the previous two

chapters and present the characteristics of the "average" outer

zone. In Chapter VII the observations and conclusions draw_

from the three parts of the stu_v are condensed and discussed in



terms of an overall picture and in Chapter Vlll they are examined

to determine how they pertain to existing models and presently

proposed particle acceleration or controlling mechanisms.
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II. DESCRIPTION OF EXPERIMENT

A. The Satellite; Injun 3

Satellite Injun 3 was launched on 13 December 1962 into

an orbit with apogee altitude 2785 km, perigee altitude 237 km,

orbital inclination 70.4 °, and period 116 minutes [O'Brien,

Laughlin_ and Gurnett, 1964]. The satellite was magnetically

oriented by the use of a permanent magnet, and detector look-

angle orientations on the satellite were referenced to this

magnetic axis by the angle 8. When the satellite was properly

aligned, the 8 = O ° axis was parallel to the geomagnetic B

vector and was directed down into the atmosphere in the northern

hemisphere. The orientation of the satellite was measured with

two Schonstedt flux gate magnetometers mounted with their axes

parallel to 8 = 90 ° and _ = 130 °, respectively. After alignment

was obtained, the orientation system of the satellite maintained

alignment to the extent that the rms deviation from alignment

was less than 5° under almost all conditions for the ten month

active lifetime of the satellite [see Appendix I]. A description

of the Injun 3 satellite was given by O'Brien, Laughlin, and Gurnett

[1964]. In the present study data were used from the following

detectors.



B. The Gei_er Tubes

Detector 1 was a thin-windowed directional 213-type Geiger

tube with an angular field of view of about 26 ° diameter centered

-2
at the e = 90 ° position. It had a window thickness of 1.2 mg cm

of mica, an energy threshold for electrons of approximately

keV, and a geometric factor of about 0.6 x lO -2 cm2 ster [Craven,

1966; Frank, Van Allen, and Craven, 1964]. The e = 90 ° direction

was normal to the geomagnetic B vector when the satellite was

aligned and Detector 1 responded to particles which were mirroring

near the position of the satellite and which were therefore trapped.

Detector 5 had a window thickness similar to that of Detector 1

but had an angular field of about 86 ° diameter centered on the

8 = 180 ° axis, and had a geometric factor of about 5.0 x lO -2 cm2

ster. In this position Detector 5 looked up the geomagnetic

vector and sampled particles which were being precipitated into

the atmosphere. Because a number of the findings of the present

study depend on the respons_ _f Detector 5, a *_.w......v_5._ _°+"_a_rw___

possible contamination is carried out in Appendix II. These two

detectors were developed by L. A. Frank, H. K. Hills, and J. D.

Craven. Their energy passbands are presented in Figure 1. The Detec-

tor 1 passband was taken from Craven [1966] and the Detector 5 pass-

band was constructed from the quoted geometric factor and the assump-

tion that the window thickness was identical to that of Detector 1.
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C. Differential Magnetic Spectrometer

The differential spectrometer, developed by C. D. Laughlin,

contained three 213-type Geiger tubes encased in a lead cylinder

3.5 gm/cm 2 thick. The 213 Geiger tube has a thin window of mica,

1.2 mg/cm 2 thick, and two of these tubes (labelled SpL and SpH

for Spectrometer Low and Spectrometer High, respectively) had

magnets positioned in front of them which deflected electrons

with energy, E , through approximately 90o such that 40 keV _-E
e e

50 keV for SpL and 80 keV -_ E _ iO0 keV for SpH. The third
e

Geiger tube (labelled SpB for Spectrometer Background) was a

similar omnidirectionally shielded one which was used to elimi-

nate the contribution of bremsstrahlung and penetrating radiation

from the counting rates of SpL and SpH.

The differential spectrometer was a unique and self-

sufficient experiment in that it depended on no other detector

for the proper interpretation of its data. It was able to sample

the particle flux for trapped electrons in two distinct small

energy intervals and permitted the determination without ambiguity

of the slope of the electron energy spectrum in this energy range.

The defining apertures for the SpL and SpH detectors in

the Injun 3 differential spectrometer gave these detectors
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2
unidirectional geometric factors, g, of 1.6 × 10 -4 cm steradian

2
and 2.5 × i0-4 cm steradian_ respectively [C. D. Laughlin,

private communication]. The omnidirectional geometric factor, G,

for each tube was determined in flight with cosmic ray background

and was normalized to the known omnidirectional geometric factor

of 302-type Geiger tube also flown on Injun 3- The values were

2

GSp L = 0.20 _ 0.02 cm2, GSp H = 0.09 i O.O1 cm 2, GSp B = 0.24 _ 0.02 cm .

(The uncertainties in the values of G do not include any uncertainty

for the value of G302.) The energy passbands for SpL and SpH

are given in Figure 1.

The angular fields of view for SpL and SpH were about 12 °

in diameter centered on the 8 = 90 ° axis. Since the particles

were magnetically analyzed, the viewing cones were not centered

on the geometric axis of each aperture system but were displaced

about 5 ° being "cross-eyed", i.e., toward one another. The

effective axes were in the plane perpendicular to the geomagnetic

vector. Hence, the non-parallelism of Lhe axes was ig_nered

since the flux was presumed aximuthally symmetric around B.

D. Electron Multiplier

The electron multiplier on Inju_n 3, developed by D. E.

Stilwell, used a 19-stage Ascop type 541 series photomultiplier
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tube operated at 2500 volts. Incident particles, striking the

sensitive area of the first dynode directly, produced electrons by

a secondary emission process. These secondaries were then drawn

on to successive dynodes in the normal photomultiplier cascade

scheme. The anode current was fed to a simple neon-glow tube

relaxation oscillator whoseoutput frequency was a function of

the current drawn from the circuit input. In this manner an

analog to digital conversion of the anode current, which was pro-

portional to the incident particle number flux, was accomplished.

The aperture of the electron multiplier was covered by a thin

nickel foil (86 _g/cm2) which imposed an energy threshold of

approximately 10 keV for electrons. The multiplier was posi-

tioned in the e = 130° position and therefore sampledparticles

whoselocal pitch angle was _ 50°. The spectral response pass-

band for the multiplier is given in Figure i. For a discussion

and verification of this passband and the inflight performance

of the multiplier, see Fritz and Gurnett [1965].

E. The 3914 A Auroral Photometer

The 3914 A auroral photometer consisted of an Ascop-type

541A photometer operated at 2500 volts, a single _ 3-inch focal

length lens and an interference filter 2 inches in diameter. The
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anode current was fed to a simple neon-glow tube relaxation

oscillator whoseoutput frequency was a function of the current

drawn from the circuit input. In this manner an analog to

digital conversion of the anode current was accomplished [O'Brien,

Laughlin, and Gurnett, 1964]. The photometer was mounted in the

e = 0 ° direction and had an angular field of view of about lO °.

The filter was centered at 3933 A and was 81 A wide at the half

peak transmission points. For a more complete discussion of

this detector, see O'Brien and Taylor [1964].

F. Inflight Operation and Calibration Checks

Because of the large array of detectors on Injun 3, the

inflight performance of these detectors could be checked against

preflight calibrations to an extent relatively unusual in satellite

studies.

The operation of the differential spectrometer was studied

in detail over the 8 month period following launch. The maximum

observed detector responses for SpL, SpH, and SpB were tabulated

over this period along with the responses of these detectors to

cosmic ray background. The results of this tabulation are pre-

sented in Table 1 and Figure 2. As observed in Figure 2, the

responses of these detectors to cosmic ray background (over the
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polar caps of the earth) remained unchangedthroughout the active

life of the satellite. Neither of the three detectors encountered

particle fluxes capable of driving them to their maximumpreflight

calibrated rates so the rates presented in Table i are sets of

responses taken when the three detectors were responding primarily

to penetrating radiation at rates near the maximumobserved inflight

rates.

The operation of the SpL and SpBdetectors was satisfactory

over the entire period. The SpHdetector experienced a large

change in its maximumobservable counting rate while its response

to cosmic rays remained unchangedthrough this period. This mal-

function was examinedin detail. The detector showeda progressive

deterioration in the maximumobserved rate reaching a minimumin

June and then recovering somewhatin July and August. The satel-

lite's battery voltage showeda very similar profile over the

sametime period. In summary,the malfunction of SpHaffected

the maximumrate of the detector, left the very low rates unaf-

fected_ and was associated with the satellite's battery voltage.

The most plausible explanation of the behavior of SpHwas that

the tube was operating near the edge of its voltage plateau region

[see Laughlin, 1960]; and whenthe Geiger tubes started to respond
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to intense particle fluxes, they drew an appreciable fraction of

the current neededby a voltage regulator circuit to maintain the

necessary voltage applied to the tubes. Whenthe satellite supply

voltage was lowered, the voltage regulator circuit was unable to

compensatewhenthe tubes were responding at a high rate and the

resulting voltage applied to the tubes was decreased. This caused

the SpHdetector to operate off the voltage plateau region. This

region did not extend to as low a voltage as the SpL and SpBdetec-

tor voltage plateau regions. This type of malfunction would have

affected the operation of the detector only when the detector was

counting near its maximumrate. As the counting rates of the

SpL and SpBdetectors decreased, the SpHcounting rate should have

remained nearly constant and returned to normal behavior when

the SpL and SpBrates becamelow enough. This point was investi-

gated using data taken on June 20, 1963 (which was during the

worst period of the malfunction). Data were selected when the

.... i:Lilcz" ,,._'n ..........w_± _,_4_,_ "r,'_'m_"r_ 1. _ I'I_"_pn op_ = z _r +n _:n_i-.r_ti radiation.

The results are tabulated in Table 2. It will be noticed that as

the SpB rate decreased by more than two orders of magnitude_ the

SpH rate remained constant to within a factor of two.
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It is the opinion of the author that the SpH detector can

be considered trustworthy for low counting rates through this

entire period. In the present paper, however, all data from the

spectrometer recorded after 20 May 1963 were excluded from the

study (with the exception of data at L = 2.0 which were not used

after 1 May 1963).

As a check on the pre-flight calibration of the Geiger tubes,

this author generated a number of calibrations from inflight data.

The spectral pass band of Detector 1 was determined using the

differential spectrometer to find the electron energy spectrum

and then testing numerically integrated passbands to find the

best fit. This passband agrees very well with that published by

Craven [1966]. (Figure i).

A complete characteristic curve of true rate R versus

apparent rate r for Detector 1 was generated using the responses

of spectrometer which was operating over the linear part of its

R vs r characteristic. This curve is in good agreement with one

produced from the preflight calibrations [J. D. Craven, private

communications]. A partial R vs r curve was generated for Detector

5 using the responses of the spectrometer when both detectors

looked at identical particle fluxes. This happened early in the
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life of the satellite when it was tumbling and the axis of the

these detectors would occasionally lie at equal angles to the

--4

geomagnetic _ vector. The response of Detector 5 at an apparent

rate greater than 8,000 c/s yielded a true rate which was uncertain

to two orders of magnitude due to disagreement between the preflight

and inflight R vs r characteristics. Hence, Detector 5 was clearly

saturated in that region of its R vs r characteristic.

Since both Detector i and Detector 5 saturated when respond-

ing to the intense inner zone fluxes, their maximum observed rates

throughout the lifetime of the satellite gave a check on the

detector's operation. These rates were found to have remained

essentially constant for both detectors during the entire period.
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Table 2

SELECTED DETECTOR RESPONSES DUE PRIMARILY
TO P_ETRATING RADIATION IN THE INNER ZONE

ON 20 JUNE 1963

Observation SpB Response SpH Response Ratio

counts/second counts/second

1 2462 24.6 .0100

2 1539 21.3 .0138

3 702 18.5 .0263

4 505 17.2 .o3_i

5 406 17.8 .0439

6 285 15. i .o586

7 185 15.0 .0813

8 129 14.3 .ii0

9 77- 6 13.3 .171

I0 36 12.4 .348

ii 22.8 12.1 •530

Responses due to

cosmic ray back-

ground O.650 O. 275 .423
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III. DESCRIPTION OF RELEVANT PARAMETERS

In undertaking this study a set of parameters was intro-

duced to organize the problems under investigation. The data

transmission system on Injun 3 operated for seventeen minutes

after reception of a properly coded command from a receiving

station below the satellite. Each of the detectors on the satel-

lite had its own twelve bit accumulator which was sampled once

every one-fourth second for the data used in this study (with

the exception of the 3914 A auroral photometer which was sampled

once every two seconds) [O'Brien, Laughlin, and Gurnett, 1964].

The orbital parameters o_ the satellite including the L, B

coordinates of Mcllwain [1961] were assigned to each one-fourth

second (frame) of data, using the ephemeris supplied by the

Goddard Space Flight Center. For most of the data presented in

this study, the data were summed over consecutive eight second

intervals due to a lack of sufficient counting statistics on a

frame by frame (one-fourth second) basis.

A. The S_ectral Parameter_

Using the responses of the SpL and SpH detectors corrected

for background, a two parameter spectral model of the electron
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energy spectrum could be completely determined . In studies of

geomagnetically trapped radiation, the intensity or flux is usually

plotted on log-log paper because of the large temporal and/or

spatial variations which are observed. On such a plot of the

intensity vs particle energy a power law spectrum.

dN = K E-Y dE

plots as a straight line which has a slope equal to the exponent,

y. It is this spectral parameter, y, that has been chosen to

organize the electron energy spectral information from the dif-

ferential spectrometer. Although this parameter, y, represents

the exponent in the power law spectral model, it is emphasized

that its interpretation be only as a measure of the slope of the

spectrum in the energy range from 40 keV to lOO keV and not as

a parameter describing the entire energy spectrum.

Evaluation of the spectral parameter, y, for the differential

_p_ct;_o_,eter was ,_,.._'_'_"o_a .........._+_]]v_assuming_ a _iven numerical value

for y and integrating numerically over the response curves for

SpL and SpH given in Figure 1 by using the integral_

= K ._ gi (E) E-Y dER i ,
0



2O

where

gi(E) =

R. = the response of either SpL or SpH in counts per

i second corrected for background

2
the effective passband geometric factor in cm

steradian of either detector

2
K = a constant with units of electrons per cm per

second per steradian per keV multiplied by

keV to the _ power (i.e., N E_)
O

The ratio of the responses of the two detectors

: Ki gspL(E>
Rsp H

K SogspH(E)E-v

is independent of the constant K and uniquely determines the

slope parameter, y. By varying the value of _ used in the numeri-

cal integration just described, the ratic RSpL/RSpH was calculated

and graphed as a function of y. An analytic expression for the

graphed function, y = 1.20 + 3.10 loglo (RspL/RSpH) was found to

give 7 accurately over the range of ratios from 0.i to 200.

In a similiar manner, it was possible to determine a

spectral parameter, _, using the response functions of the elec-

tron multiplier and Detector I given in Figure i to describe the
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electron energy spectrum between iO keV and 40 keV. The calculation

of this parameter wasbased on two assumptions. The first was that

the responses of both detectors were due almost entirely to elec-

trons and the secondwas that the flux of electrons in the energy

range from lO keV to 40 keV was isotropic over the upper hemisphere

at the position of the satellite. Due to the small sensitivity

of the electron multiplier and the necessarily large electron

fluxes needed to make the electron multiplier respond, the nature

of the events causing the multiplier to respond usually satisfied

the above two conditions. This will be demonstrated in Chapters

V and VI.

B. The disturbance or "Dumpin 6 Parameter_

A dumping parameter, _ was calculated by dividing the

flux of particles measured with Detector 5 by the flux of parti-

cles measured with Dectector 1. The parameter, _ was therefore

the ratio of the flux of electrons with E >_ 40 keV being preci-
e

pitated into the atmosphere to the flux of electrons with

E > 40 keV mirroring near the position of the satellite. As
e

the amount of "dumping" increased, the parameter, _, approached

the value of one in agreement with the observation of O'Brien

[1964] and of Parthasarathy_ Berkey_ and Venkatesan [1966] that
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the precipitation process is such that the angular distribution of

electrons tends to approach isotropy over the upper hemisphere

at the altitude of the satellite.

In Section F of Chapter II_ it was noted that whenDetector 5

was responding at a rate in excess of 8_000 c/s, the detector was

saturated. Under these conditions_ the value of the parameter _ was

set equal to one for plotting. In the statistical studies of Chap-

ter VI no value of the paramter _ was calculated under these circum-

stances.

C. The Latitude Parameters_ A and L

In the present study_ the invariant latitude, A [O'Brien_

1962] and the L coordinate of McIlwain [1961] are used inter-

changeably. Both coordinates have been useful in the study of

trapped radiation and are related to one another by the relation-

2
ship, L cos A = 1. Although L is usually thought of as labeling

a particular magnetic shell (L being the equatorial radius

expressed in earth radii of a particular shell in a dipole-

equivalent field)_ one can think of it as a latitude parameter

increasing from the geomagnetic equator to each of the geomagnetic

poles.

D. The Geomagnetic Activity Parameters_ K___, and Dst

The geomagnetic activity parmueters_ % and %, used

in the present study are published routinely by Lincoln
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in the Journal of Geophysical Research. The geomagnetic planetary

B-hour indices K and the Average Field Amplitude index, A, in
P

units of two gamma (2 x lO -5 gauss) are prepared routinely at the

Geophysikalisches Institut of the University of Gottingen, Free

Republic of Germany.

The Dst values used in the present study were computed

by Sugiura and Hendricks of the Goddard Space Flight Center using

the equation

n

1 7 (A H. Sqi ) sec X.
Dst n i=l i l

where X is the magnetic latitude, AH is the deviation of the

horizontal geomagnetic field component from the average quiet

time field and Sq is the average daily variation at the magnetic

observatories. For the time period used here, data were used

from eight stations situated around the world such that

lO ° < ki < °. Dst is considered to be a me_u_e u_ .... _

face field produced by a storm-time ring current [Akasofu, 1966].

E. The Local Time Parameter 2 MLT

Because the motion and behavior of the particles under

study in this paper are governed by the geomagnetic field, magnetic
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local time (MLT) is used here instead of the usual geographic

local time. Magnetic local time is defined as the angle between

the planes which are defined by the geomagnetic dipole axis and

the earth-sun line and by the geomagnetic dipole axis and the

earth center-satellite line. MLT takes into account both the daily

and the seasonal variations in the orientation of the geomagnetic

dipole axis with respect to the earth-sun line. For the orbit

of Injun 3, MLT differed by as much as _ 2.3 hours from the

corresponding geographic local time at the high latitudes. At

lower latitudes the two local times were always more nearly equal.

[For further remarks on magnetic local time, see Appendix I,

Fritz and Gurnett (1965)].

I
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IV. CHARACTERISTICS OF ELECTRONS IN THE

"QUIET" OR UNDISTURBED OUTER ZONE

All data recorded from Injun 3 for the detectors discussed

in Chapter II were plotted for each traversal of the outer zone

made by the satellite during its lO month active lifetime. These

plots were generated automatically by the University of Iowa

IBM 7044 computer and plotted on Calcomp Digital Incremental plot-

ters.

With the data organized in this manner the plots were

examined on geomagnetically quiet days determined from the 3

hour K indices and standard magnetograms taken at stations near
P

the position of the satellite. Figure 3 is presented as a charac-

teristic undisturbed pass. The Kp index was 10 and the daily

A index was 5 for the period of this pass. The intensity of
P

electrons with E _ 40 keV and with E _ 90 keV mirroring at the
e e

position of the satellite decreased with increasing latitude from

A = 45 ° reaching a minimum at A. = 55 ° to 60 ° after which these

intensities increased somewhat before falling off with varying

degrees of sharpness at the high latitude outer zone termination.

The minimum or "slot" at A _ 55 ° to 60 ° was sometimes very notice-

able for > 40 keV trapped electrons but in most cases the ratio
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between the maximum and minimum fluxes for A > 55 ° was less than

a factor of i0. These characteristics are in good agreement with

the median intensity profile as a function of latitude presented

by Armstrong [1965a]. The electron energy spectrum between 40 keV

and iOO keV had a tendency to soften with increasing latitude

above A = 60 ° (L = 440), but it was significantly softer in the

"slot" (L _ 3.5) than at adjacent latitudes. The softer spectrum

at L -_ 3.5 was evidenced by a greater relative depression of the

iO0 keV electron intensity in the slot than that of the 40 keV

fluxe s.

The intensity of electrons with E _ I0 keV and pitch
e

angle _ _ 50 ° for these undisturbed conditions was always less

tha_l the threshold counting rates of the Injun 3 electron multi-

plier, (2.0 × 106 electrons/cm 2 sec. ster). Using the results

reported by Armstrong [1965b ] that the angular distribution of

40 keV electrons in the outer zone was not strongly peaked at

: 90 ° (e.g., if j (_) sin n: _ then i -< n _<2) the fact that

106 2
j (Ee _ i0 keV) < 2.0 x cm sec. ster. throughout the outer

zone was interpreted to indicate that the electron energy spectral

slope between iO keV and 40 keV did not increase sharply but was

approximately equal to or less than the spectral slope between



27

40 keV and lOOkeV. In Figure 3 note that the spectral slope

parameter, y, determined between 40 keV and lOO keV at A = 65°

was y = 2.8 _ 0.4 whereas an upper limit for the slope parameter_

y, determined between lO keV and 40 keV in the manner described

above was y < 2.7 (see Chapter III for the details on the deter-

mination of y).

The intensity of _ 40 keV electrons moving with pitch

angles at the position of the satellite such that they would

mirror below an altitude of lO0 km and be lost to the atmosphere

before being reflected was found to vary with increasing lati-

tude in an almost identical manner as the > 40 keV electrons

intensities mirroring at the position of the satellite. When

Detector 5 was responding primarily to precipitated electrons

(this was true when B _ 0.28 guass - see Appendix II) the dump-

ing parameter, _, which was equal to the ratio of

j (Ee > 40 keV, _ < 43 °) to j (Ee > 40 keV, _ = 90 °) was nearly

const_ut as a _mction of increasing latitude and approximately

equal to lO "2 for latitudes below the high latitude outer zone

termination. At the high latitude boundary, the intensity of

> 40 keV electrons being precipitated into the atmosphere usually

increased sharply. Many of these spikes of precipitated electrons
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reached and maintained isotropy over the upper hemisphere at the

position of the satellite on and beyond the boundary. The dump-

ing par_neter _, therefore increased sharply from l0 -2 to approxi-

mately 1 for these spikes of precipitated electrons.

A search was made to determine whether these spikes of

precipitated electrons occurred at all local times during

undisturbed periods. Exsmples from this investigation are presented

in Figure 4. It is observed that these spikes occurred in all

sectors of magnetic local time and that the general features dis-

cussed above of > 40 keV dumped and trapped electron intensity

profiles as a function of latitude were also present in all

magnetic local time sectors. It will be noted that Detector 5

is responding primarily to dumped electrons (see Appendix II)

for all passes except Rev 1626 where contamination by trapped

particles was present. The dashed portions of the curves for

the dumping parameter, _, indicate periods when Detector 5 was

responding at a rate less than i0 counts/second but sufficiently

above background so that a value of q0 could be determined.

The high latitude spike of _ 40 keV precipitated electrons

was not observed in all undisturbed passes. In Figure 5, three

examples are presented for which no high latitude spike was
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observed. In only one of the examples was the satellite at

values of B where Detector 5 was responding primarily

to precipitating electrons. In this example (Revo]ution 1981)

the dumping parameter, q_, was again independent of latitude and

equal to approximately lO -2. The conditions of geomagnetic acti-

vity for the passes of Figures 3-5 are presented in Figure 6.

Detector 1 and Detector 5 being open end Geiger tubes were

sensitive to soft solar X-rays (efficiency = lO -2 to lO -1 over

the range of 4 to 12 A) [Van Allen, Frank, Maehlum, and Acton_

1965; Wende, 1966]. For this reason solar aspect sensors were

included in the InJun 3 payload with comparable fields of view

to Detector i and Detector 5 in order to detect the presence of

the sun in the detector viewing cone [O'Brien, Laughlin, and

Gurnett, 1964]. Because the diameter of the viewing cone of

Detector i was small (26°), a response to solar X-rays was usu-

ally easy to distinguish by a counting rate peak coincident with

_. response of the companion solar aspect sensor. An example of

this behavior is shown in Rev 1700 of Figure 5 for Detector i.

The impression gained in the present study was that the

ratio of the precipitated to the trapped electron fluxes (the

parameter) was independent of latitude up to the high latitude
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outer zone boundary. Frank, Van Alien, and Craven [1964] per-

formed a statistical stud_ of the diurnal variations of geo-

magnetically trapped and precipitated electrons using the sametwo

Injun 3 detectors used here. They found that the contours of

constant counting rate for each detector plotted as a function of

latitude viewed from the pole were very similiar for local times

on the night side (1700 hours _ LT _ 0900 hours), but they found

that an apparent maximumof the intensities of precipitated

electrons (Detector 5) occurred at approximately local noon

(-_0900 to 1300) at 4 _ L _ iO, without an accompanyingmaximum

in the intensities of trapped electrons (Detector i).

The counting rate contours of Frank_ Van Allen, and Craven

for local night (1700 < LT < 0900) are consistent with the fact

that the dumpingparameter, _0_appeared to remain independent of

latitude up to the high latitude outer zone boundary. However_

the apparent maximumfound near local noon is inconsistent with

the present result. All passes with local times near local noon

were examinedin detail. It was found that almost without excep-

tion whenthe satellite was near local noon, the solar aspect

corresponding to Detector 5 viewed the sun. An example of such

a pass taken during an undisturbed period is presented in Figure

5 (Rev 1708). Because the diameter of the viewing cone of
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Detector 5 was large (86°), there was never a characteristic peak

observed as in the case of Detector i (see Rev 1700, Figure 5) when

the detectors viewed the sun_ but on manyof the passes contamination

of the Detector 5 response by soft solar X-rays was evident

(e.g., Rev 1708).

If the apparent maximumfound by Frank, et al. was due to

solar X-rays, the only modification to their conclusions would be

that the diurnal variation of the precipitated electrons must be

similar to the large diurnal variation noted for trapped electrons,

and this would then be in agreementwith the present results.

McDiarmid and Burrows [1964] reported a similar diurnal study for

trapped and precipitated _ 40 keV electrons using a detector with

a much smaller opening angle (_4.5°). They found that the shape

of the distributions of the average intensity for both a 40 keV

trapped and _ 40 keV precipitated electrons were very similar as

a function of local time (60° g A g 68°). Their results agree with

_bo_ of the present paper and indicate that the large maximum

found by Frank, et al. on the day side was probably due to contami-

nation by solar X-rays.



32

V. SOMEDISTURBEDOUTERZONECHARACTERISTICS

In examining the body of Injun 3 data, it was not always

possible to find the quiet or undisturbed outer zone electron char-

acteristics even during periods whenthere was little or no

magnetic activity taking place. In this chapter somecharacter-

istics of outer zone electrons are discussed in connection with

the degree of magnetic activity occurring at the sametime. This

chapter is divided into three sections in which electron char-

acteristics are discussed during low, moderate, and very active

magnetic conditions.

A. Periods of Low Geomagnetic Activity

The example presented in Figure 3 of the characteristics

of undisturbed outer zone electrons was taken on January i, 1963.

On that day the Kp index was never greater than 20 and the

daily A index was 5. On the following day the Kp index was
P

never greater than i0, the Ap index was i, and the day was

designated one of the five quiet days in magnetic activity for

the month of January. We will now examine the behavior of the

outer zone electrons during this two day period of low magnetic

activity.
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Passes through the outer zone taken two hours before and

two hours after Rev 240 (presented in Figure 3) are presented in

Figure 7. It will be noted that Rev 239 exhibited all the char-

acteristics of an undisturbed pass discussed in Chapter IV.

However, on the next pass (Rev 241) after these two undisturbed

passes, the undisturbed character disappeared. The profiles for

50 keV)_ j (Ee _ 40 keV) trapped, j (Ee -_40 keV)j± (40 keV __E e _

dumped, the spectral parameter, _, and the dumping parameter, _,

were all modified but the profile of j (80 keV _ E _ i00 keV)
± e

remained unchanged. It will be noted in Rev 241 that the

satellite encountered spikes of precipitated __40 keV electrons

which corresponded to either regions or periods of large amounts

of precipitation. These spikes of precipitation increased the

flux of _ 40 keV electrons mirroring at the position of the satel-

lite noticeably. The precipitating electrons measured by Detector

5 probably had an energy equal to _ 40 keV since the value of j±

C40 keV _ E _ 50 keV) increased to approximately the value of j±
• e

(E _ 40 keV) while the value of j±(80 keV _ E _ i00 keV) remainede e

unchanged during the precipitation spikes. During the preci-

pitation portion of the pass, the spectral parameter_ _ increased

more sharply with latitude and reached a maximum value of
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= 5.7 i 0.4 coincident with one of the precipitation spikes at A

68 ° after which it decreased in value as the high latitude outer

zone boundary was approached. The dumping parameter, _, reflected

the same character as the precipitation spikes and at one point

reached one (isotropy over the upper hemisphere at the position of

the satellite) but in general was somewhat less than one.

The next two passes recorded by Injun 3 in passing through

this region are presented in Figure 8. Rev 243 occurred approxi-

mately 4 hours after Rev 241 (Figure 7). It will be noted that a

very large amount of precipitation was again found on this pass

but this time there appeared to be only a single spike with the

dumping parameter_ _ increasing sharply from a value of _ 10 -2

to _ i in only two degrees of latitude. The flux of _ 40 keV

electrons remained essentially isotropic for the duration of the

enhanced precipitation portion of the pass with j (Ee _ i0 keV)

increasing to a value above the threshold of the electron multi-

plier. During this enhanced precipitation the spectral parameter

again increased sharply and reached a maximum value of _ = 6.6 + 0.6.

It will be noted that this increase was due to a large increase

in the value of j (40 keV _ E _ 50 keV) while the latitude pro-
i e

file of j± (80 keV _ Ee _ i00 keV) remained unchanged during the
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precipitation process. This indicated again that the energy of

the precipitating electrons measured by Detector 5 was not much

greater than 40 keV. However, at lower latitudes, it will be

noted that the spectral parameter y had a value of y = 0.i + O.5

at A --_61 ° indicating a surprisingly hard spectrum for this

region.

It was not possible to determine an accurate value of

j (Ee >_i0 keV) during the precipitation portion of the pass due

to noisy telemetry at that point. However_ it was possible to

place the value of j (E e > i0 keV) between 4.5 X 106 and 3 x 107

electrons/cm 2 sec. ster. These values indicate that the spectral

parameter, _ for the slope of the electron energy spectrum

between I0 keV and 40 keV was between _ = 2.9 and y = 4.2. Both

of these values are smaller than the maximum value of _ observed

for the range from 40 keV to I00 keV indicating that the spectrum

did not continue to rise more steeply toward the lower energies.

If an exponential typ_ _pectral fo_ is fitt_ to the data at

iO keV and 40 keV, an average energy between 7 and 12 keV is

found.

With the exception of the enhanced precipitation portion

of the pass_ Rev 243 displayed most of the typical undisturbed
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characteristics discussed in Chapter IV. The dumping paramter,

_, was independent of latitude and equal to _ 10 -2 for all lati-

tudes below the precipitation spike. The spectral parameter, y,

exhibited a broad peak around A = 58 ° where each of the latitude

profiles, j. (Ee _ 40 keV) j (Ee > KeV) dumped, j. (40 keV < E' e

50 keV), and j (80 keV < E < i00 keV) indicated the presence
± e

of a slot.

The next pass (Rev 244 of Figure 8) taken approximately

two hours later indicated that the values of j± (Ee _ 40 keV),

(40 keY _ E _ 50 keY) in thej (Ee a 40 keV) dumped, and Jl e

region where the precipitation had been observed on Rev 243 had

all decreased with the value of j (Ee _ 40 keV) dumped decreasing

by two orders of magnitude. Rev 244 exhibited the appearance of

a return or decay toward the undisturbed outer zone electron

characteristics. The next two passes through this region occurred

fourteen and sixteen hours respectively after Rev 244. The first

of these two passes, Rev 252, exhibited the characteristics of an

undisturbed pass and is presented in Figure 9. The second pass_

Rev 253, also presented in Figure 9, was very similar to the pass

taken 24 hours prior to it, Rev 241 (Figure 7). Similar precipi-

tation spikes were observed and the value of the dumping parameter

never reached one similar to the spikes observed for Rev 241.
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The next pass, Rev 255, through this region recorded by

Injun 3 is presented in Figure i0. It occurred approximately

twenty-four hours after Rev 243 (Figure 8), and was very similar

in form to Rev 243. In Rev 255 the flux of _ 40 keV electrons

reached and maintained isotropy near and on the outer zone

boundary as in the case of Rev 243 but there was much more low

latitude precipitation in Rev 255 and j (Ee >_ i0 keV) remained

less than 2.0 × 106 electrons/cm 2 sec. ster. The very noticeable

softening of the spectrum between 40 keV and i00 keV which took

place at A--_ 65 ° was coincident with a sharp increase in the

intensity of precipitating electrons indicating again that the

energy of the precipitating electrons was not much greater than

40 keV. Most of the discussion of the characteristics of Rev 243

can be applied in a similar manner to Rev 255.

The passes, Rev 239-255, presented thus far were all

recorded over North America and most were recorded by the College,

Alaska tracking _*_._. .....T__re i0.• a _ass through the outer

zone is presented which was recorded in the southern hemisphere

over Woomera, Australia. This pass was taken between Rev 243

and Rev 244 of Figure 8. It will be noted that Rev 243 in Figure

i0 exhibited most of the undisturbed pass characteristics. It
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should be kept in mind that Detector 5 "looked" down toward the

atmosphere in the southern hemisphere and its response in this

pass was due to particles which had mirrored below the satellite

and were moving toward the equatorial plane. In general, however,

the undisturbed pass profile characteristics can be observed

in Rev 243 of Figure iO.

The undisturbed nature of Rev 243 in Figure i0 indicated

that the disturbed conditions observed in Rev 241-244 were either

(i) very confined in longitude or local time since the magnetic

local times for the two passes labelled Rev 243 differed by only

3 hours, or (2) restricted in such a way that conjugate point

disturbances did not occur. It is not possible to distinguish

between the two possibilities using only the Injun 3 data.

Therefore, we have observed that during periods of low

geomagnetic activity, large increases in the values of

, _ (40 keV _ Ej± (Ee > 40 keV) j (Ee > 40 keV) dumped, and j± e

50 keV) from their respective undisturbed values occurred,

with the intensity of precipitating electrons changing by as much

as two orders of magnitude. The maximum energy of the precipi-

tated electrons was not much greater than 40 keV and this gave

rise to a very noticeable softening of the trapped electron
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energy spectrum between 40 keV and i00 keV associated with these

precipitation events. The precipitation events were not able to

i00 keV) indicating anincrease the value of j± (80 keV _ E e _

absence of precipitating electrons with energies in that range.

A closer check was made on the variations observed in

Figures 7-10 of the dumping parameter, _, and the spectral para-

meter, y, in relation to the degree of magnetic activity occurring.

The temporal variations of the particle intensities could not be

readily compared due to the presence of non-real time variations

[e.g., B - dependences of the fluxes (Armstrong, 1965a)]. For

the present, the assumption that _ and _ were not strong functions

of B (the range of B, A B _ .060 gauss for these passes) was made.

This assumption will be discussed in Chapter VI. The variations

of the spectral parameter, _, and the dumping parameter, _ as a

function of time for the two day period, 1-2 January 1963, are

presented in Figure ii for five different latitudes. The varia-

tions of various magneti_ field measurements which were applicable

to these latitudes are also presented in Figure ii.

For A = 50 °, there was essentially no variation in either

the value of the spectral parameter, _ or the dumping parameter

_, and for A = 55 ° the values of both parameters showed larger
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variations but these variations exhibited no clear pattern. (A

large B dependence y was found for the region_ A = 55°_ in

Chapter VI, but it was not sufficient to explain the variations

found here. Note that the minimum value of y for A = 55 ° was

found at B = 0.325 gauss whereas values of y determined two hours

before at B--0.308 gauss and four hours later at B=0.359 gauss

were both substantially larger. ) These variations are attributed

to changes in the apparent position of the "slot" as a function

of latitude from pass to pass.

At A = 60°_ the spectral parameter and the dumping parameter

exhibited some moderate variation with time while the magneto-

meter at Sitka_ Alaska (magnetic latitude_ _ = 60.0 ° ) indicated

no activity whatsoever. For A > 65 °, temporal variations were

more prominent.

In Figure ii for A = 65 ° and A = 68°_ it will be noted

that the increases in the dumping parameter were usually accompanied

by an increase in the spectral parameter and by small fluctuations

in the magnetometer data ts.ken on the ground near the satellite

at College, Alaska (_ = 64.6 ° and Pt. Barrow, Alaska (_ = 68.5°).

The fluctuations im the magnetometer readings can be regarded as

very small since a normal geomagnetic storm can produce fluctua-

tions of i000 gammas or more at these two stations.
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Therefore, the conclusion reached from this pass sequence

40 keV could
was that large intensities of electrons with Ee

be precipitated into the atmosphere without an appreciable amount

of magnetic activity occurring, even in the vicinity of the satel-

lite.

Another type of variation in the outer zone electron char-

acteristics that was observed to occur during periods of low

magnetic activity was the variation of the position of the high

latitude outer zone boundary. In Figure 12, four passes recorded

by Injun 3 in passing through the high latitude outer zone boundary

near the midnight meridian on June 22, 1963 are presented. During

the period of these passes the Kp index was i+ or less and for

the eighteen preceding hours and the following 48 hours the Kp

index was never greater than 2-. Both June 22 and June 23 were

each one of the five magnetically quiet days of the month.

Magnetogrsms recorded at Sitka, Alaska (_ = 60°), College, Alaska

(_m : 65°5 and Barrow, Ai_ka ('_m = 68°) d_iring the Deriod of the

passes in Figure 12 indicated that no magnetic activity was occur-

ring at any of these stations. However, during this period the

boundary was first observed at A _ 74 ° on Rev 2378 which was taken

during a large precipitation event similar to those examined
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previously in Rev 243 (Figure 8) and Rev 255 (Figure i0). Two

hours later on Rev 2379 the precipitation was not as intense and

the boundary was observed at A _- 71°- On the following pass,

Rev2380, the large precipitation had disappeared and the boundary

had collapsed to A _ 67°. The following pass, Rev 2381, found

the boundary had movedoutward again to A _ 700.

In this sequenceof four passes the apparent outer zone

boundary for > 40 keY electrons was observed to change in position

from 74 ° to 67 °, a change of A A = 7° , in four hours during a

period of low geomagnetic activity. It will also be noted in

each of the four passes that the point at which the dumping para-

meter, _, started to increase sharply was approximately 65 ° for

each pass. (Note also that the dumping parameter, q0, well inside

the boundary was still approximately equal to although slightly

larger than 10 -2 for these four passes and the response of

Detector 5 was probably due in part to trapped particles. )

Previous measurements of the position of the outer zone

boundary have attempted to correlate changes in the position with

the various magnetic activity parsmeters [Maehlum and O'Brien,

1963; Williams and Ness, 1966; Williams, 1966; and Rao, 1967].

Williams [1966] found a change A A = 7 ° in a shift of the > 280 keV
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electron boundary from 67 ° to 60 ° associated with the April 18, 1965

magnetic storm which had a maximum Dst depression of _- 140 _.

Rao [1967] examined the position of the _ 40 keV electron outer

zone boundary for the same April 18, 1965 storm and found there

was a "catastrophic" inward movement of the boundary to A = 65 °

and an overall change of A A _ 8 ° in position associated with the

storm.

It is noted from the results of the present study that such

a change can occur without an accompanying geomagnetic storm,

even during periods of low magnetic activity.

B. Periods of Moderate Geomagnetic Activity

There were between fifteen and twenty magnetic events

during the lifetime of Injun 3 in which the Kp index was 25 or

larger or for which Dst executed a large sudden decrease of

50 _ or more (Figure 6). One of the smaller of these events,

occurring during the period from April 2, 1963 to April ii, 1963,

was examined in detail. The event was reasonably isolated in

time being preceded by approximately 20 days of relatively quiet

conditions and followed by four relatively quiet days, two of

which were designated two of the ten magnetically quiet days in
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April. The maximum values of the A index and the K sums index
P P

were 32 and 33 respectively, both occurring on April 5, 1963,

but Dst reached a maximum depression of only - 27 7 (Figure 6).

During this period, data were recorded from Injun 3 by

the Woomera, Australia tracking station as the satellite retraced

the same trajectory near the midnight meridian through a L, B,

MLT coordinate system on each of ten consecutive days. Such a

trajectory effectively eliminated all known non-real time varia-

tions of the particle intensities at a given invariant latitude

for our discussion here.

For this sequence of passes Detector 5 was responding to

reflected particles (i.e., particles travelling toward the equa-

torial plane with a pitch angle at the position of the satellite

less than 43 °) and therefore its response will not be presented

in detail here. In Figure 13, the first four passes of this

sequence are presented. The pass recorded on April 2, 1963,

(Rev 1372) before the outset of this event presented a typical

undisturbed outer zone profile although there was a small, apparent

bifurcation in the outer zone maximum for both j (40 keV _ E
± e

50 keV) and j (80 keV < E _ i00 keV). The following day,
l e

April 3, before any of the magnetic parameters were indicating
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activity, an abbreviated pass (Rev 1384) found the intensities of

j± (80 keV _ E _ i00 keV) unchanged(40 keV __E -_ 50 keV) and j±e e

for invariant latitudes below A = 55 °, but decreased by factors

of 5 and i0 respectively around A _ 60 °• On April 4 (Rev 1397),

a large increase in both j± (40 keV __Ee _ 50 keV) and j± (80 keV

__E _ i00 keV) occurred for latitudes above the region of the
e

slot (A _ 57 °), while these intensities remained unchanged for

A _ 57 °• The increase in the intensities of the --_40 keV elec-

trons occurred generally over the entire region from 57 ° to _ 65 °

with an increase of a factor of 30 occurring at A = 60 ° in the

twenty-four period from Rev 1384. The increase in the intensities

of the -_ 90 keV electrons was concentrated in a narrow region at

A _-63 ° with an increase of a factor of 7 occurring at A = 60 ° •

For A _ 66 ° both the SpL and SpH detectors were responding essen-

tially to cosmic ray background only. Coincident with the spike

of 90 keV electrons at A = 63 °, the flux of electrons with E __i0 keV
e

......... •_ _+ _ In_] _itch angle of 50 ° _ iO °travelling toward _ _ ...........

reached an intensity of 3.3 × 107 electrons/cm2 sec. ster. The

satellite altitude at this point was 2610 km. If the first adia-

batic invariant was conserved for these particles, they had

mirrored at 1200 _ 200 km. Making the assumptions described in
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Chapter III, the spectral slope at A _-63 ° for the energy interval

from i0 keV to 40 keV was determined to be y = 3.4 and the com-

parable slope parameter_ y, for interval from 40 keV to i00 keV

was approximately the same (see Figure 13). However, at A = 60 °,

for the interval from 40 keV to I00 keV was y = 5-9 • 0.4_

whereas its lower energy counterpart was 7 _ 2.0. This large

change in the spectral slope over the interval from iO keV to

i00 keV occurred within a A A of 1.5 ° assuming spatial variations

or a time interval of % 30 seconds assuming temporal variations.

On the following day, April 5, the A and _IK indices
P P

reached their maximum values and the pass on that day (Rev 1409)

indicated that the intensities of _ 40 keV and _ 90 keV electrons

had increased generally for all latitudes above A = 54 ° but the

40 keV electrons had decreased somewhat from 59 ° to 64 °, the

position of the large maximum in the previous pass (Rev 1397).

The latitude profiles revealed no slot and in fact showed a small

maximum in the intensity of -_ 40 keV electrons at 55 ° to 60 °, the

usual position of the slot during undisturbed conditions. The maxi-

mum intensity of _ 40 keV electrons was found at A = 67.5 ° , a

much higher latitude than the preceding day (Rev 1397). In fact,

the counting rate of the SpL detector increased by a factor of
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103 at A : 67-5 ° from Rev 1397 to Rev. 1409. The intensity of

--_90 keV electrons increased at all latitudes from 54 ° to --_67 ° reach-

ing approximately the value of jA(80 keV < Ee < i00 keV) at the

maximum of the spike observed on Rev 1397. The energy spectrum

from 40 keV to i00 keV was much harder for A <-65 ° when compared

to the undisturbed conditions with an exceptionally hard spectrum

being present at A = 63-5 ° ± -5°. For latitudes greater than 65 °

the value of j± (40 keV < Ee < 50 keV) increased rapidly with

increasing latitude while the value of j± (80 keV < Ee _ i00 keV)

decreased, This led to a very rapid softening of the electron

energy spectrum from 40 keV to i00 keV with the spectral para-

meter, y, reaching a maximum value of y = 9.6 • 0.8 at A = 68°-

The large decrease in the value of the spectral parameter for

A > 68 ° was real. The rate of the SpH detector stayed suffici-

ently above background for A > 68°_ while the value of

-- a .... _'_n_ with increasing latitude.j (40 keV < E < Du keV) was ........ ,_
± e

It was not possible to determine the value of j (Ee > i0 keV)

over much of the pass due to light contamination of the response

of the electron multiplier. This was one of the two passes noted

by Fritz and Gurnett [1965] in their study for which it was
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believed that the electron multiplier might be responding to light

and to particles simultaneously. The response of the electron

multiplier for this pass is presented in Figure 13. The maximum

response of the electron multiplier (0.3 c/s) which occurred

at A = 65.5 ° was approximately equal to the maximum response to

light observed during the satellite's lifetime [see Figure 4 of

Fritz and Gurnett (1965)].

The value of the spectral parameter, y, from i0 keV to

40 keV was y = 3.1 at A = 67.5 °, the position of the peak for

j (40 keV _ E -< 50 keV). By neglecting the light contamination
l e

entirely the maximum value of y was less than 4.8 for the interval

between iO keV and 40 keV for the entire pass. It will be noted

in Rev 1409 that a very large change in the spectrum between i0 keV

and i00 keV occurred from 63 ° to 67 °. The spectral slope from

i0 keV to 40 keV remained fairly constant with y = 3.5 + i, but

the slope in the interval from 40 keV to i00 keV steepened greatly

changing from _ = 0.7 ± 0.3 at A = 63.5 ° to y = 9.6 ± 0.8 at

A : 68°.

In Figure 14, four of the next six passes in this sequence

are presented. From the pass taken on April 6 (Rev 1421) it will

be noted that the value of j (80 keV _< E _ iO0 keV) had
A e
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continuted to increase for A > 58° while the value of j (40 keV
±

E _ 50 keV) remained approximately unchanged, although the small
e

maximum observed for these _ 40 keV electrons at the position of

the slot, 55 ° to 60 ° had disappeared. This increase of j (80 keV
±

E _ i00 keV) for A > 58o caused the spectrum between 40 keV
e

and i00 keV to harden. On this pass the spectral parameter_ _,

was observed to decrease with increasing latitude for A > 55 ° ,

just the opposite of the usual undisturbed dependence of y on A.

An abbreviated pass (Rev 1434, not shown) was recorded on the

following day, April 7. This pass reached A = 60 ° and found a

very hard spectrum there (y = 0.7 _ 0.3) and a decay of both

j (40 keY _ E _ 50 keV) and j (80 keV s E _ i00 keY) for
l e ± e

A _ 54 ° from the preceding pass (Rev 1421).

On April 8, the values of the Ap and r_Kp indices were

indicating near quiet conditions and recovery of the small Dst

depression was essentially complete. The pass taken on this

__ i.... 14 I'_ _ Fi_3re ]4_ exhibited most of the characteristics_,y \.L_._ v -, .... ,

of an undisturbed pass discussed in Chapter IV. The value of

j (40 keV _ E s 50 keY) at all latitudes was unchanged or
l e

slightly increased from the preceding pass, while the value of

j (80 keV _ E s iO0 keV) indicated a continuing decay for A > 57 °
l e

with the decay occurring more rapidly at A = 60° than at A = 65 °.
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On the following day, the next pass in the sequence

(Rev 1459) indicated very disturbed conditions. The intensities

of _ 40 keV electrons were increased at all latitudes above 63°

and decreased slightly for latitudes from 57° to 62°. The

increases of j (40 keV _ E _ 50 keV) for A _ 68° were by
± e

factors of i0 to 103 over the values of the preceding pass (Rev 1446).

In general j (80 keV _ E _ I00 keV) continued to decrease at
& e

all latitudes except A _ 69 ° where an increase of a factor of i0

from background occurred coincident with the peaks of j± (40 keV

Ee _ 50 keV), j± (Ee _ 40 keV), and j (Ee _ 40 keV) reflected.

The ratio of j (Ee _ 40 keV) reflected to j± (Ee _ 40 keV) was

0.3 at A = 69 ° indicating that a very intense precipitation

event was occurring. The spectral parameter, _, increased sharply

with latitude for A _ 65 ° and reached a maximum value of y = 9.2

0.6 at A _ 70 °• The spectrum from 40 keV to i00 keV was actually

slightly harder during the peak intensities of _ 40 keV and

90 keV electrons which occurred at A _ 69 ° than it was at

adjacent latitudes.

It will be noted that the characteristics of Rev 1459 were

very similar to those discussed previously for Rev 243 (Figure 8),

Rev 255 (Figure i0), and Rev 2378 (Figure 12). The interpretation
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presented here is that the activity observed on Rev 1459 was of the

type previously discussed and wasnot necessarily associated with

the magnetic disturbances which are being examined. Since the

values of j (80 keV _<E _<i00 keV) could be compareddirectly
± e

in this sequence of passes, it was possible to make an estimate

of the ratio of the number of electrons from 40 keV to 50 keV

present in the precipitation event to the number of electrons

with energies from 80 keV to i00 keV present. This estimate

indicated that the higher energy electrons constituted no more

than i part in 2 x 103 of the precipitating electrons. (The

assumption that the instantaneous electron energy spectrum is

not a function of the electron pitch angle is made. )

On the following day, data were recorded on the next pass

in the sequence (Rev 1470 - not shown) up to A-_ 64°. The values

of j (80 keV _<E _< iOO keV) for A > 57 ° were slightly smaller
l e

than those of Rev 1459, but the large increase of j (40 keV
i

-<E _ _u _eV) uu_=_ vc_ _ Rear ]k59 was no longer evident in
e

Rev 1470.

The last pass in this sequence, Rev 1483 (Figure 14),

exhibited all of the quiet time characteristics discussed in

Chapter IV. The values of j (40 keV < E -< 50 keV) and
l e
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j (80 keV _ E _<iO0 keV) decreased from A = 45 ° to A _ 59 °
l e

then increased to a maximum at A _ 65 ° and fell off rapidly at

the high latitude boundary. The position of the slot was well

determined for j (80 keV _ E _ iO0 keV) but fairly broad for
l e

j (40 keV _ E _ 50 keV). This led to a prominent increase in
l e

spectral parmneter, _ around 58 ° to 59 °, but in general the

spectrum softened with increasing latitude.

The variations of j (40 keV m E _ 50 keV)_ j (80 keV
& e &

E _ lO0 keV), and the spectral parameter, _, as a function of
e

time during this period at five different latitudes are sum-

marized in Figure 15.

At A = 50 ° and lower latitudes, the values of j (40 keV

E -< 50 keY), j (80 keY < E < i00 keY) and the spectral para-
e l e

meter remained unchanged throughout the ten day period. For

A = 55 °, the values of j (40 keV _ E m 50 keV) and j (80 keV
l e l

<_ E m i00 keV) each generally increased over the period by
e

approximately a factor of four. The spectral parameter varia-

tions indicated that the increase of j (40 keV _ E _ 50 keV)
± e

occurred at the beginning of the event with the increase of

j (80 keV _ E _ iO0 keV) occurring after the event was well
l e

under way. This gave rise to an initial increase in the spectral

parameter from y _ 2.4 to y _ 3.2 as the Ap index increased,
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followed by a decrease to y _ 2.0 as A reached its maximum value
P

and began to decrease.

For A _ 57 °, temporal variations of the electron intensities

and spectrum became much larger. At A = 60°, the values of both

j (40 keV _- E _ 50 keV) and j (80 keV _-E _ I00 keV) decreased
± e ± e

abruptly before the magnetic disturbance parameters, %, %, or

Dst, were indicating any increase in activity. The initial

decrease of j (80 keV _ E _ i00 keV) was larger than the
± e

accompanying decrease in j (40 keV _ E -_ 50 keV) resulting in
± e

an increase in the value of the spectral parameter, _. Following

the initial decrease in the intensities, an indication of increased

magnetic activity by the magnetic parameters was accompanied by

a marked increase in both j (40 keV _ E -_50 keV) and
± e

j (80 keV __ E __ i00 keV). The increase of the flux of the
± e

lower energy electrons was larger than the accompanying increase

in the flux of higher energy electrons and this resulted in a

±_±_^_ _o_+_ng__.......of the ener_ spectrum and a continued marked

increase of the spectral parameter, y.

The value of j (80 keV _ E _ i00 keV) continued to
± e

increase with time in an exponential manner for approximately 3

days reaching a maximum the day after the magnetic parameters
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reached their maximum values. "_However, the value of j± (40 keY

__ E <-50 keV), after reaching a maximum value the day before
e

the magnetic parameters reached their maximum values, decreased

with time while j (80 keV _ E _ i00 keV) was still increasing.
1 e

This resulted in a large decrease in the spectral parameter, 7,

from a value of 7 = 5.9 • O.4 to a value of 7 = O.7 ± 0.3 in two

(80 keV _ E _ iOO keV)
to three days. After the value of j± e

reached a maximum, the intensity of these higher energy electrons

decayed in an exponential manner for about 4 days reaching a

value at the end of the disturbance which was approximately a

factor of six below their prestorm intensity. The intensity of

the _ 40 keV electrons decreased steadily but not in an exponential

manner, reaching a value at the end of the disturbance that was

approximately a factor of three below the prestorm intensity.

After the initial decrease observed at A = 60 °, the

value of j (80 keV _ E __1OO keV) was observed to first increase
± e

and then decrease in an exponential manner during the event. It

was not possible to determine whether the value of Ji (40 keV

E _ 50 keV) increased in an exponential manner after the
e

initial decrease but it was obvious that it did not exhibit an

exponential decay during the recovery period.
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The temporal variations of j (40 keV -< E <-50 keV),
l e

j (80 keY _<E _<i00 keY), and the spectral parameter, 7_ for
l e

A = 65 ° s_id A = 68 ° are also presented in Figure 15 for this

period. It will be observed that the variations discussed for

A = 60 ° were also present in the same form at A = 65 ° and pos=

sibly at A = 68 °. The exponential increase and decrease of

j (80 keV < E _< i00 keV) can be observed at A = 65 ° but due to
l e

many missing points, it was possible to infer only an apparent

exponential decrease in j (80 keV _ E _ i00 keV) at A = 68°.
l e

The initial decrease and then increase of j (40 keV _ E _ 50 keV)
e

was present at A = 65 ° and probably at A = 68° since a value for

j (40 keV _ E < 50 keV) 3 x 104 electrons/cm 2_ = sec. ster. was
l e

found at A _ 67 ° on the quiet time prestorm pass_ Rev 1372

• (40 keV < E _ 50 keV) for(Figure 13) The variations of j± - e

A _ 60 ° during the recovery portion of the event exhibited

little association with changes in the magnetic activity para-

meters used in the present discussion.

In summary, during this moderately active period_ the

region A < 55 ° appeared to be unaffected by magnetic activity

occurring whereas the region A > 55 ° exhibited marked temporal

variations which were usually associated with the degree of
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o < 50 keV)
magnetic activity. For A > 55 both j± (40 keY < E e _

and Jm (80 keV _< Ee < i00 keV) decreased sharply with the spec-

tral parameter increasing prior to any disturbance being evident

in the magnetic records. After the decrease, both j± (40 keV < E e

50 keY) and j (80 keY _ E _ i00 keY) increased, the latter
l e

in an exponential manner, with the spectral parameter continuing

to increase. The value of j (40 keV _ E _ 50 keV) reached a
l e

maximum before j (80 keV _ E _ i00 keV) and began to decrease
± e

while the value of j (80 keV _ E _ i00 keV) was still increas-
± e

ing. This resulted in the value of the spectral parameter decreas-

ing rapidly. After the value of j (80 keV _ E _ iO0 keV)
± e

reached a maximum, it began to decay in an exponential manner

with the spectral parameter again increasing. The exponential

time constants for the increases and decreases of j

< I00 keV) were somewhat dependent on the latitude.

(80 keV < E
l e

The time

constants for this event were

dj (SpH) dj (SpH)
l l

>0 <0
dt dt

A = 60 °

A = 65°

A = 68°

0.75 days 1.35 days

0.65 days 2.2 days

undetermined 2.4 days
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These results are in reasonably good agreement with the

results of Craven [1966] who found values of the time constant

from 2 to 6.5 days for the decay portion of the variation of

j (Ee > 40 keV) for 3.5 -< L <_6.0 during four periods of mag-

netic activity recorded in the Injun 3 data.

C. Periods of Large Geomagnetic Activity

In the preceding two sections, it has been demonstrated

that large amounts of _>40 keV electron precipitation, changes

in the position of the high latitude >_ 40 keV electron outer

zone boundary, and large changes in the electron energy spectrum

between i0 keV and i00 keV occur during periods of low and

moderate geomagnetic activity.

Craven [1966] examined the variations of the values of

j. (Ee _>40 keV), j± (Ee > 230 keV), and J (Ee > 1.6 MeV) as a

function of time during the larger geomagnetic disturbances. His

results indicated that the variation of j (40 keV _ E -< 50 keV)
l e

and j (80 keV _< E < i00 keV) discussed in the previous sectiom
± e

for moderate activity will be larger but of the same nature for

the larger magnetic disturbances. Therefore, in this section

of the present paper, we will be mainly interested in the varia-

tions of j (E_ >_ i0 keY), j± (Ee _> 40 keY), and j (Ee > 40 keV)
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dumped during periods when the various magnetic parameters were

indicating the very disturbed conditions. It was found by Fritz

and Gurnett [1965] that on approximately 84 passes recorded by

Injun 3 during these periods of large magnetic activity, the value

of j (Ee _ iO keV) exceeded 2.5 × 107 electrons/cm 2 sec. ster.

(e.g., Rev 1397 - Figure 13). It was also reported by Fritz and

_irnett that these intense fluxes of i0 keV electrons occurred

only between 1700 hours and 0700 hours MLT and were confined in

latitude between 58 ° and 76 ° . The present section will be con-

cerned mainly with a discussion of the characteristics of these

events.

Due to the nature of these events, each occurrence of

j (Ee _ i0 keV) _ 2.5 × 107 electrons/cm 2 see. ster. was a dis-

tinct and individual event with little in common with the other

events except the restrictions in magnetic local time and invari-

ant latitude. In Figure 16, an example of such an event is pre-

sented. This pass was taken near the midnight meridian on

June 20, 1963. On this day, the ZK index was 27 (Figure 6)
P

and a large negative bay was being recorded by the College, Alaska

magnetometer. It will be noted from Rev 2354 in Figure 16 that

the a i0 keV electrons appeared near or just inside the high
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latitude a 40 keV electron outer zone boundary. The lower latitude

edge of the region for which the intense flux of _ lO keV elec-

trons was observed was marked by a sharp increase in both the

value of j (Ee _ 40 keV) and j (Ee _ 40 keV) dumped. From that

point the dumping parameter, _, increased with latitude reaching

the value of 1 at the high latitude _ 40 keV electron boundary.

These two properties, (1) the presence of the intense

fluxes of a lO keV electrons near and inside rather than outside

the _ 40 keV boundary, and (2) the condition of isotropy or near

isotropy for _ 40 keV electrons over the upper hemisphere at the

position of the satellite were the most frequently observed fea-

tures of these events.

In the example of Figure 16 (Rev 2354) the spectrum between

lO keV and 40 keV was not greatly different from the usual value

of 7 determined for the interval from 40 keV to lO0 keV. The

spectral parameter, _, for the interval from lO keV to 40 keV

ranged from a value of y = 2.4 at A = 62 ° to y = 3.8 at A = 64-6°.

Another feature which was characteristic of these events

was that values of j (Ee _ iO keV) _ 2.5 × 107 electrons/cm 2 sec.

ster. were seldom observed on two successive passes and were

never observed to occur on three passes in succession through
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the sameregion. To illustrate this feature, the pass preceding

Rev 2354 of Figure 16 and the three succeeding passes recorded

by Injun 3 in passing through this region of the outer zone near

the midnight meridian are presented in Figure 17. In Rev 2353

of Figure 17, it will be noted that there was a large _ 40 keV

electron precipitation event occurring on the outer zone boundary,

but the value of j (Ee __i0 keV) never exceeded2.0 x 107

electrons/cm 2 sec. ster. The maximumvalue of the spectral slope

parameter, _, between i0 keV and 40 keV was _ = 3.1 at A _-63°.

The next pass through this region taken approximately two hours

later was Rev 2354 (Figure 16) on which the intensity of _ i0 keV

electrons exceeded 2.5 X 107 electrons/cm 2 sec. ster. and this

pass was considered as an event in the study of Fritz and Gurnett

[1965]. During the following pass, Rev 2355 (Figure 17),

j (Ee > i0 keV) again exceeded2.5 X 107 electrons/cm 2 sec. ster.

and was also considered in the study by Fritz and Gurnett. It

will be noted that the general features described for Rev 2354

were also present in Rev 2355. The position of the intense

flux _ iO keV electrons was just inside or on the boundary and

a sharp increase in both Jz (Ee _ 40 keV) and j (Ee _ 40 keV)

dumpedoccurred at the sametime that j (Ee _ i0 keV) was
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observed to increase. Again the dumping parameter increased strongly

and reached the value of i at and beyond the boundary. In the

next two passes, Rev 2356 and Rev2357 (Figure 17) through this

region, the values of j (Ee _-i0 keV) remained less than 1.3 X 107

electrons/cm 2 sec. ster. throughout both passes, although the

value of j± (Ee _ 40 keV) was equal to or greater than the cor-

responding values for the two passes, Rev 2354 and Rev 2355. This

sequenceof passes, Rev 2353-2357, has illustrated that these

intense __i0 keV electron precipitation events rarely occurred

on successive passes. The pair of passes, Rev 2354-2355, was

one of fourteen sets of passes found where the value of

j (Ee _ i0 keV) exceeded 2.5 x 107 electrons/cm 2 sec. ster. on

successive passes. This condition was never satisfied on three

successive passes. The next pass after the sequencepresented

in Figtu_s 16 and 17 for which j (Ee _- i0 keV) exceeded2.5 X 107

electrons/cm 2 sec. ster. occurred approximately one day after

Rev 2R54-2355. This pass, Rev 2367, is presented in Figure 18

and as will be noted, it had few similarities to the passes,

Rev 2354 and Rev 2355.

Nowthat the characteristics which these events appeared to

have in commonhave been discussed, someof the more noteworthy

differences will be discussed.
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In Figure 18 and 19 selected examplesof these intense

>_i0 keV electron precipitation events are presented. It will

be noted that each event was unique and individual. The highest

latitude for which any multiplier particle response was observed

was A _ 77° (e.g., Rev 2367, Figure 18) and the lowest was

A _ 56° (e.g., Rev 3116, Figure 19). The region over which the

precipitation was observed could be narrow and confined in lati-

tude (e.g., Rev 2425, Figure 18 and Rev 2603, Figure 19), it

could cover a wide range of latitudes (e.g., Rev 2579, Figure 18)

or it could be separated into two distinct ranges of latitude

(e.g., Rev 2205, Figure 18 and Rev 3451, Figure 19). The electron

energy spectrum between i0 keV and 40 keV recorded during these

events was quite variable. In Rev 3116 (Figure 19), it can be

seen that j, (Ee _ 40 keV) _ j_=50o (Ee _>i0 keV) = 1.6 × 107

electrons/cm 2 sec. ster. at A-_ 57°. This would indicate a nega-

tive differential energy spectral slope between iO keV and 40 keV,

but due to the large dead time corrections madein the response

of Detector i for this pass, the above statement should be

interpreted to indicate only that the spectrum was very hard

(y < 1.0) but not necessarily rising toward the higher energies.

Another exampleof a hard spectrum was found on Rev 2579 (Figure 18)
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where the spectral parameter_ y, between i0 keY and 40 keY at

A = 64-0° had a value equal to 1.8. The spectrum was also found

to be very soft during some events. In Rev 2367 the spectral

parameter, y_ was _ = 6.2 at 76.0 ° and in Rev 2829 (Figure 19)

a value of y = 6.3 was found at A = 73-8 °.

Even with the individual characteristics of each of the

events presented in Figures 18 and 19, it will be noted that the

intense fluxes of _ lO keV electrons were usually associated with

the high latitude outer zone _ 40 keV electron boundary_ appear-

ing either on or just inside this boundary. This was not always

true• In nine or ten of the events, (_ 12% of the samples) these

intense fluxes of >_lO keV electrons were observed to occur out-

side the position of the _ 40 keV electron high latitude boundary

(e.g., Rev 2829 in Figure 19). The two events published by

Fritz and Gurnett [1965] (see their Figures 9 and lO) were of

this type (Rev 2479 on June 30, 1963, mud Rev 2981 on August 9_

_o_ _ _v_n,,_ usually were associated with the declining

phases of a magnetic disturbance. This is illustrated in Figure

6 for Rev 2479, Rev 2829, and Rev 2981. Another type of event

in which the intense fluxes of >lO keV electrons might be con-

sidered to be outside the _ 40 keV electron high latitude
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boundary was illustrated by Rev 2205 (Figure 18). In this pass the

satellite appeared to cross the _>40 keV electron outer zone

boundary at A = 65°_ then experience a large precipitation event

from A _ 67 ° to A _ 75 ° in which intense fluxes of _ i0 keV

electrons were observed. However, an alternate interpretation

to the latitude profile of Rev 2205 would be that the _>40 keV

high latitude boundary was crossed only at A = 75 ° and the inten-

sity variations observed as a function of latitude were of a tem-

poral nature.

In general_ it will be noted that the fluxes of > 40 keV

electrons were either approaching isotropy or had attained

isotropy over the upper hemisphere at the position of the

satellite during these intense _ iO keV electron precipitation

events. A large portion of the _ 40 keV electron flux observed

in these passes could not have been durably trapped since it

would have been lost in the atmosphere before being reflected.

Therefore_ for these events the concept of a high latitude

"trapping" boundary for _ 40 keV electrons and the connection

of the intense fluxes of _ i0 keV electrons to this boundary

lose significance.

In Figure 20_ a pass recorded by the Woomera, Australia

tracking station is presented. On this pass (Rev 3999) Detector 5
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was responding to upward moving particles since its viewing cone

"looked" toward the atmosphere in the southern hemisphere. The

electron multiplier was also responding to particles which were

travelling toward the equatorial plane with a pitch angle at the

position of the satellite of 50 ° ± i0 °. If these intense fluxes

of > i0 keV electrons were produced by some mechanism acting

below the satellite and then moved in a manner conserving the

first adiabatic invariant [Van Allen, 1962], the flux measured

by Detector i would have been less than the flux measured by

Detector 5 because the pitch angle, _ = 900 , could not be obtained

by a particle present at a B-value which was larger than the

value of B at the position of the satellite. Since the flux

measured by Detector 5 was approximately a factor of i0 less

than the flux measured by Detector I the interpretation is that

a large flux of possibly isotropic electrons was incident from

above the satellite and the response of Detector 5 was due to

electrons which mirrored __bove the atmosphere or were back-

scattered. The altitude of the satellite during this event was

2350 km. The intense flux of _ i0 keV electrons measured by the

electron multiplier mirrored at approximately i000 km. It is
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argued_ therefore, that the source of these particles must be well

above the region of the satellite (2500 km). This inference will

prove to be of importance in subsequent discussion.
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Vl. THE "AVERAGE" OUTER ZONE

The discussions and findings of the previous two chapters

have been based on the observations of individual passes through

the region of the outer zone. In an attempt to summarize these

observations for the entire body of Injun 3 data, statistical

studies were made on the spectral, spatial, and temporal varia-

tions of the outer zone electron fluxes. Two groups of data

were selected. The first group was concerned with properties

of the outer zone trapping region and the second group was

associated only with intense auroral zone particle activity.

A. Statistical Study of the Outer Zone Trapping Region

Previous statistical studies on the variations of the

40 keV trapped electron intensities and _ 40 keV precipitated

electron intensities individually as a function of latitude and

local time for the Injun 3 data have been presented by Frank,

Van Allen_ and Craven [1964] and Armstrong [1965a]. The results

of these studies have been noted in Chapters IV and V. Temporal

variations of trapped outer zone electrons observed by Injun 3

have 0een studied by Craven [1966] in connection with large

magnetic disturbances.
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In the present study, the electron energy spectral varia-

tions observed in Chapters IV and V were investigated along

with variations in the degree of precipitation of > 40 keV elec-

trons taking place at the position of the satellite.

Due to the uncertainties in the response of the SpH

detector after May 1963, the data from Injun 3 for the period

from January to May 1963 only, were used in the present statistical

study. Data were selected when the satellite was at a position

of integral or half integral values of L in the outer trapping

zone (2 < L _ 8). Due to a lack of sufficient counting sta-

tistics on a frame-by-frame (one-fourth second) basis, the

data were summed over eight second intervals containing the

appropriate integral or half-integral L-value. During such an

interval each detector on the satellite used in the present

study (with the exception of the 3914 A auroral photometer) was

sampled thirty-two times. In order to eliminate errors due to

telemetry noise_ an error and noise correction computer program

was worked out by Armstrong, Halliday, and Fritz [Fritz, 1964].

The computer criteria closely approximated the criteria used

for eliminating questionable data points by direct inspection of

the complete body of data in their raw form. In the preparation

of the eight second sums, this program was applied to all data.
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At each position of integral and half-integral values of

L, the spectral parameter, y, determined from the rates of the

differential spectrometer channels, the flux of electrons with

energies greater than 40 keV trapped and precipitated at the

position of the satellite, and the dumping parameter, _, were

calculated from the error corrected data provided the following

statistical restrictions were satisfied.

The true response, Ri, for the two spectrometer channels,

SpL and SpH, was determined by taking the observed response,

ri, and correcting it for background due to penetrating radiation

in the following manner:

G°

1

R. = r. rsp B
l l GSp B

The statistical restrictions used in the calculation of the

spectral parameter, _, were such that the detector responses, Ri,

for _ ..... _*_ _ +_ h_ _nllal to or greater than 4.0 counts

per eight second sum interval. Assuming that RSp L and RSp H

could be approximated as Poissonian variables, the greatest

statistical error in y was A_ = ± 0.7 (corresponding to the

minimum acceptable value of Ri).
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The above restrictions on RSp L automatically placed an

upper limit on the statistical uncertainty in the dumping

parameter, _0. This can be seen in the following manner.

RS_L = j(40 keV < E _<50 keV) _ j(E e _ 40 keV) RDet'l

gSpL e gDet. i

So

RDet.l _ gspL gDet.l

(4.0)(0.65× i0-2) = 160 counts

(1.6 × lO-4)

Therefore, since _ = j(Det.5)/j(Det.l), the greatest statistical

error in _ (for q0 > 10 -3 ) was approximately ten percent

(A _/_ _ .i).

In this manner 1840 records, approximately equally divided

among the various L-values, were calculated for this study.

Each L value had at least i00 calculated points. To each of

these points the following quantities were affixed: real tim%
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L, B_ local time, Kp, Ap, and the daily Kp sum. Thesepoints

were then sorted as a function of the various parameters, first

for the spectral parameter, _ and then for the dumpingparameter,

_. The variation of _ and q0as a function of these parameters

is nowpresented, but a word of caution is introduced here. In

the following sections a single parameter study of a multi-

parameter problem has been performed on the assumption that

there was little coupling between the various parameters. This

assumption was not strictly valid, but from the observations

of the individual passes presented in Chapters IV and V certain

restrictions on the data were introduced which justified the

use of this statistical approach. The appropriate restrictions

are discussed in each of the following sections. At the end

of this chapter a discussion of the observed variations of 7 and

_0as a result of a coupling of the various parameters is given.

i. The Spectral Parameter, y, vs L

For the data in each group or integral _d half-intcgr_-i

values of L_ the meanand medianvalues of y were calculated

along with the standard deviations, and these are presented in

Figure 21 along with a scatter plot of the data.
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It is seen that both the meanand median values of

increased from _ = 1.06 at L = 2.0 to _ : 2.46 at L = 3.5

after which these values fell to a minimumaround L = 4.5

and then increased slowly with increasing L to _ -- 3.13 at

L = 8.0. From the scatter plot, it is noted that large varia-

tions of y occurred at a given L-value. Therefore, the varia-

tion of the mean and median values of y can be interpreted

to indicate that on the average the spectrum between 40 keV

and I00 keV softened with increasing L in general but that it

was significantly softer at L = 3.5 than at adjacent L values.

Thesevariations are generally the sameas those found for

selected passes (Chapter IV).

It is also noted in Figure 21 that the standard devia-

tion of the individual observations for each L-value increased

with increasing L indicating that the spectrum varied less

at the lower L-values than at the higher L-values (cf., Figures ii

and 15). This result is in agreementwith the findings of

O'Brien, Laughlin, Van Allen, and Frank [1962] and those of

Craven [1966]. The latter author found that the intensities

of > 40 keV electrons and > 250 keV electrons at the lower L-

values are rarely affected during geomagnetic storms, whereas

the fluxes of these electrons undergo large variations at the

large L-values.
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McDiarmid, Burrows, Budzinski, and Wilson [1963] using

Geiger tubes sensitive to electrons with energy greater than

40 keV and greater than 250 keV on the Alouette I satellite

made an electron energy spectral survey as a function of lati-

tude using a spectral parameter similar to _. Their study was

for electrons which were mirroring at the position of the satel-

lite during periods when K _ 4- between October 1962 and
P

January 1963. They found that on the average their spectral

parameter went through a maximum at A = 51 ° (L = 3) and then

through a minimum at A = 59 ° (L _ 4.0). At latitudes above

59°_ they found that the spectrum became progressively softer

and more variable. These results are consistent with those

of the present paper, and also indicate that the position of

the "slot" for 40 keV, i00 keV, and 250 keV electrons is dif-

ferent for different energies, being on the average at slightly

higher L-values for the lower energy electrons. Mih_lov and

White [1966] found that the lower energy quiet time outer zone

electrons in the range from 170 keV to 4.5 MeV peak at higher

L values.

It is noted here that the values for the spectral para-

meter as a function of L (_ = 2.1 _ 1.0) are in reasonably
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good agreement with the previous spectral measurements of the

electron energy spectrum in the range covering the interval

from 40 keV to i00 keV at low satellite altitudes reported in

the literature [Cladis, Chase, Lmhof, and Kneeht, 1961;

O'Brien, Laughlin, Van Allen, and Frank, 1962; McDiarmid,

Burrows, Budzinski, and Wilson, 1963; and Mihalov and White,

1966].

2. The Spectral Parameter, 7, vs B

Because the orbit of Injun 3 was restricted to low

altitudes, the range of the geomagnetic field intensity B was

relatively limited (0.20 gauss _ B _< 0.55 gauss). This range

of B was divided into eight intervals and the mean value of 7

was calculated for each interval of B (AB = 0.05 gauss) for

each interval of integral and half integral values of L. Each

of these L intervals was examined individually.

For L = 2.0 and L = 2.5, there was no noticeable depen-

dence on B. With only one exception in the fourteen mean values

calculated for these two L interval, the mean values for each

B interval were within two standard deviations of the mean values

given in Figure 21 for the respective L values. This constancy

can be observed in Figures ii and 15 for A = 50 ° (L = 2.4).



75

The spectral parameter, y, in the region 3.0 -_ L _ 3.5,

decreased markedly with increasing B (Figure 22). For the

region L __ 5.0, the mean values of the spectral parameter

increased only slightly (indicating a softer spectrum) with

increasing B. In the region 4.0 _ L -_ 4.5, the variations in

the mean values of _ were large but appeared to exhibit no

dependence on B.

The variations of the individual observations with B

for the two regions, 3.0 _-L _ 3.5 and 5.0 -_ L _ 8.0, are

presented in Figure 22. In order that points in the different

L intervals could be plotted together, the mean values of

as a function of L presented in Figure 21 were set equal to

= 2.0 by substracting the difference, _ - 2.0, from each

point in a given L interval. This eliminated the scatter in

the data which resulted from the dependence of _ on L. The

spectral dependence on B noted above for the two L regions

is ev_ dent in Figure 22. There was a large amount of scatter

in both regions. This scatter is evident in Figure ii and 15

where the variations in the region 5.0 -_ L _ 8.0 appeared to

be associated with the degree of magnetic activity occurring

but the variations in the region 3.0 _ L _ 3.5 were confusing.
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From the fact that there was no apparent dependence of

on B for L = 2.0 and 2.5, we can infer something about the

variation of the spectrum in the geomagnetic equatorial plane

as a function of the particle's pitch angle for these two L

values. From the first adiabatic invariant, the Alfven magnetic

moment, it can be shown that

B
2 o

sin _ : --
o B

m

where B is the magnitude of the geomagnetic field at the
m

position of the satellite (the particle's mirror point), B
O

is the magnitude of the geomagnetic field for the same L

shell at the equatorial plane, and _ is the particle's pitch
o

angle at the equatorial plane. The spectrum was constant

to a first approximation for 18 ° < _ < 35 ° for L = 2.0 and
O

12 ° < d° < 25 ° for L = 2.5. Cladis, Chase, Imhof, and Knecht

[1961] _ using a four channel rocket-borne magnetic spectrometer

which reached an altitude of 1045 km along the magnetic shell

L = 2._ found that the differential electron spectrum (Ee a 50 keY)

was not a function of altitude (or therefore B) up to the apogee

of the rocket. The results of the present paper are consistent

with their findings.
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3- The Spectral Parameter, 7, vs Local Time

The variations of the spectral parameter, _, were

investigated as a function of local time. The mean values of

the spectral parameter for each three-hour interval of local

time were calculated for each L interval. No significant

dependence of the spectral parameter, y, on local time was

evident in either the mean values of y or scatter plots of the

data at each L value.

4. The Spectral Parameter, y, vs Ap and Kp

The variations of the spectral parameter, y, were investi-

gated as a function of geomagnetic activity using both the A
P

average amplitude index and the Kp daily sum (_Kp). On the basis

of the discussions in Chapter V, magnetic activity appeared to

disturb the spectrum, first increasing and then decreasing the

value of the spectral parameter as a storm progressed in the

region, A >- 57 °, but not greatly affecting the spectral para-

meter in the region below A _" 57 _. _Tom these observations no

statistical dependence of y on _Kp or Ap would be expected.

In Figure 23, scatter plots of ? as a function of ZKp

are presented for the two L regions, 2.0 _ L < 3.0 and 4.5

_< L _<8.0, where the L dependence presented in Figure 21 has
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again been normalized to y : 2.0 in the manner described in

Section A.2 of this chapter. It is noted in Figure 23 that

there was no clear dependence of y on EK but that the scatter
P

of points for the region L > 4.5 was larger than that for the

region L _ 3.0. These results are consistent with the obser-

vations discussed in Chapter V.

It was observed in Chapter V that changes in the

intensities of > 40 keV trapped and precipitated electrons

and changes in the dumping parameter, _, were not always

associated with changes in the magnetic activity indicies_

A and K . It was, therefore, decided to investigate any
P P

possible statistical dependence of y on the above parameters.

5. The Spectral Parameter, 7, vs Jl (Ee _ 40 keV)

The variations of the spectral parameter, _, were

investigated as a function of the intensity of electrons with

energy greater than 40 keV mirroring at the position of the

satellite. The mean value of 7 was calculated for each half-

order of magnitude increase in j± (Ee _ 40 keV) from 104

electrons/cm 2 sec. ster. to 107 electrons/cm 2 sec. ster. at

each L value. It was noted that for the groups of data

centered on L = 2.0, L = 2.5, and L = 3.0, the mean values
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were all within approximately one standard deviation of the mean

values given in Figure 21 for the respective L values. No

attempt was made to reduce the large B dependence of ja(E e > 40 keV)

found and reported by Armstrong [1965a] from the data. Armstrong

noted that in this region there was only a small variation of

j,(E e _ 40 keV) at each B value, but j±(E e > 40 keV) varied by

approximately three orders of magnitude as a function of B.

Therefore, the independence of _ as a function of j±(E e _> 40 keV)

for this region, 2.0 _ L _ 3.0, confirms the observations of

Section A.2 of this chapter that _ was independent of B or

altitude for these L values.

The region 3.5 -< L _< 4.0 is the region where the inten-

sity of electrons with E _>40 keV has a minimum as a function
e

of L or latitude [McDia_ntid, Burrows, Budzinski, and Wilson,

1963; Armstrong, 1965a]. The spectral parameter showed large

variations in this region as a function of Jm (Ee -> 40 keV) but

these variations appeared to have no consistent pattern.

In L intervals _ 4.5 the spectral parameter increased

with increasing intensity of ->40 keV trapped electrons.

A scatter plot of the spectral parameter, y, as a func-

tion of j, (Ee _ 40 keV) is presented in Figure 24 for the
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two regions, L _ 3.0 and L _ 4.5, where the L-dependencehas

again been normalized to y = 2.0. The variatioms of the mean

values of y for this normalized data are also presented in

Figure 24. The variations noted above for each L region are

apparent.

6. The Spectral Parameter, y, vs the Intensity
of Precipitating Electrons

In order to investigate the variations of the spectral

parameter, y, as a function of the intensity of m 40 keV elec-

trons precipitating into the atmosphere, all data in the

southern hemisphere and all data taken whenB < .300 gauss were

eliminated from consideration. These restrictions assured that

Detector 5 was responding only to particles which were being

precipitated into the atmosphere.

No attempt wasmadeto investigate the dependenceof

the spectral parameter_ _, on the intensity of precipitating

electrons at each L-value, due to the large variations of

j (E _ 40 keV) dumpedat a given latitude. In Figure 25 a
e

scatter plot of the spectral parameter, _, as a function of

j (Ee _ 40 keV) dumped in the region from L = 5.0 to L = 8.0

is presented. It will be noted that there was a tendency for



81

the spectral parameter to increase (indicating a softer spectrum)

with increasing intensity of j (Ee _ 40 keV) dumped.

Another measureof the __40 keV precipitating electrons

was the dumpingparameter, _. This parameter was a measure of

the degree of precipitation occurring below the satellite

rather than just the intensity of precipitation as was presented

in Figure 25. A scatter plot of the samepoints presented in

Figure 25 is presented as a function of the dumpingparameter,

_, in Figure 26. A similar tendency for the spectral parameter,

y_ to be large whenthe dumpingparameter was close to i and

somewhatsmaller when_ was smaller is again evident in Figure

26. These two dependencestogether with the discussion of

Section A in Chapter V about the passes, Rev 243 (Figure 8)

and Rev 255 (Figure i0), are considered to deomonstrate that

the mechanismwhich produced large increases in the intensity

of particles being precipitated into the atmosphere was energy

dependent and acted to precipitate a softer spectrum of elec-

trons than that which was normally present in the trapped

radiation. This result is in agreement with the observations

of Mc!lwain [1960] and Maeh!umand O'Brien [1963], but is in

disagreement with the conclusions of O'Brien [1964]. Mcllwain
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found very soft electron energy spectrums being precipitated into

the region of active aurorae. Maehlumand O'Brien found that

the spectrum for precipitating electrons was significantly

softer than the spectrum of trapped particles observed on mag-

netically quiet days. In the context of the present papaer,

they found that the spectral parameter, _, changed from _ 2 on

quiet days to _ 5 on disturbed days and that there was no

enhancementof the intensity of the 90 keV electrons during

these disturbed periods. However, 0'Brien [1964] after examining

a few "splashes"_ concluded tentatively that the electron

energy spectrum in the range 40 _ E _ ii0 keV was not responsive
e

to precipitation.

An inference from the present evidence is that the elec-

tron energy spectrum would soften as the intensity of visible

auroral light emission beneath the satellite increased. With

the auroral photometer (3914 A) flown on Injun 3, this point

could be investigated. Due to the problem of spurious light

contamination of the auroral photometer, the intensity of

auroral light emission was measured only when this contamination

was absent. For each of these measurements, the spectral para-

meter, y, was calculated at the same time and the results of this
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investigation are presented in Figure 27. It is observed that

the expected variation was present, the spectral parameter_ y,

being on the average two units larger for auroral emissions greater

than one kilorayleigh than for auroral emissions of less than

O.ikilorayleigh. (For a discussion of the calibrations of the

auroral photometer, see O'Brien and Taylor (1964)].

7. The Dumping Parameter_ _, vs L

In the exemplary data of Chapters IV and V, the dumping

parameter, _, appeared to be independent of latitude up to the

high latitude _ 40 keV electron boundary. At the boundary the

parameter usually increased sharply toward the value of one.

In Figure 28 the dependence of the dumping parameter, _, on

latitude is presented using the data points in this study. In

the upper portion of Figure 28 a scatter plot of the points at

each L-value is presented for all points recorded in the northern

hemisphere. Below that scatter plot another scatter plot is pre-

sented in which just the points of the study wer_ _ _u_ .......

the value of the local geomagnetic field intensity_ B, was equal

to or greater than 0.300 gauss. This condition assured that the

value of the dumping parameter, _ was not contaminated by

trapped particles (See Appendix II). The values of the statistical

parameters associated with the two scatter plots are also pre-

sented in Figure 28.
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It will be noted that the scatter of the points for

the region, 2.0 _<L _ 4.5, in the lower scatter plot is much

less than for the same region in the upper scatter plot. In

the lower scatter plot which restricted B to be greater than

or equal to 0.300 gauss, the points clustered around 10 -2 for

the lower L values (L < 5.5). These results confirm the obser-

vations made in Chapter IV that when the response of Detector 5

was due solely to precipitating electrons, the value of the

dumping parameter, _, was independent of latitude up to the

high latitude boundary and was approximately equal to 10 -2 .

This value is significant in that it represented the ratio of

the _ 40 keV electron flux in the loss cone to the _ 40 keV

electron flux locally trapped at the position of the satellite.

Since a background correction was made on the rates of both

Detector i and Detector 5 values of the dumping parameter, _,

down to zero were possible. However, since the backgrolmd

correction was made by substracting a nominal 0.6 c/s from the

detector rates, it could be argued that the lower limit on

was determined by the uncertainty in this background correction.

In Figure 37, it will be noted that the outer zone rate of

Detector 5 was nominally two orders of magnitude above the
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corresponding background rate to penetrating radiation. Therefore

a lower limit on q0of 10-4 waspossible even without a back-

ground correction. It is significant therefore that no values of

> 4.5 × 10-2 and no values of _ < 2.5 × 10-3 were observed

for this region.

In Chapter IV, it was noted that at the high latitude

boundary which usually occurred beyond L = 5.5 (A > 65°), the

value of the dumpingparameter increased rapidly toward one

and the condition of near isotropy usually existed on and beyond

the high latitude boundary. This effect is also evident in the

lower scatter plot of Figure 28. No values of the dumping

parameter q__ O.32 were observed for L < 4.5 and as the value

of L increased the frequency of occurrence of the values of

representing near isotropic fluxes becamelarger. In fact the

scatter of points in both scatter plots of Figure 28 for the

higher latitudes, L >_5.0, indicate that the degree of the

precipitation was of a bimodal nature. That is, either the

value of the dumpingparameter was of the order of a few times

10-2 or it was nearly one. This observation is consistent with
-2

the observation of the rapid changeof q0from I0 to _ i near

the high latitude boundary noted in Chapter IV.
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8. The Dumping Parameter, _0, vs B

Using all the data (top scatter plot in Figure 28) in

the study, the variations of q0 as a function of B were investi-

gated. For the low L region, _ remained constant as B decreased,

until B decreased past the point where Detector 5 could respond

to trapped particles. This variation is apparent in the undis-

turbed passes presented in Chapter IV (Figures 3-5) and is

summarized for these passes in the following table for A = 60°:

Rev B (gauss) _ Detector 5 response

0.8 x 10 -2503 512@

!

634 .468 0.7 × 10 -2 precipitating

particles

302 .385 1.5 X lO -2 only

1981 .375 0.9 x 10 -2 |

¢
240 .357 1.4 × 10 -2

transition altitude

1626 .239 2.8 × 10 -2

contaminated

1700 .222 3.0 × 10 -2 by trapped

particles

1923 .198 3.1 × i0 -2
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It will be noted that substantial fluxes of > 40 keY electrons

were always observed in the loss cone at the low latitudes.

For example at A = 65 ° in Rev 503 of Figure 4 the loss cone

encompassed all local pitch angles with _ < 73 ° and yet the

ratio j_ < 43 ° (Ee _ 40 keV)/j_= 90 ° • 13 ° (Ee _ 40 keV)

remained _ 10 -2.

However, for the higher latitudes (L _ 5.0), q0was con-

sistently larger at the higher values of B. The reason for this

variation can be seen from an inspection of the two scatter

plots in Figure 28. It will be noted that most of the points

for L >_ 5.0 with _ > 0. i occurred in both plots but a large

number of the points with _ < 0.1 had values of B < .300 gauss

and did not appear in the lower scatter plot. This variation

implied that the near isotropic distributions occurred at the

larger B values. This variation was investigated further.

In Figure 29 the frequency of occurrence for near iso-

tropic distributions (q0 _ 0.32) for the region 5.0 _ L _ 8.0

is presented as a function of the geomagnetic field intensity_

B, where the values of the dumping parameter, _, presented in

the upper scatter plot of Figure 28 for the L intervals from

L = 5.0 to L = 8.0 have been used as a sample space. This sample
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space is also presented in Figure 29. It will be noted that the

frequency of occurrence of the near isotropic distributions was

a strong function of B and that these near isotropic distributions

occurred much more frequently at low altitudes (high B values).

These near isotropic distributions could be produced pri-

marily at the top of the atmosphere by the action of each of the

following mechanisms:

i)

2)

3)

4)

A mechanism acting in the region of the satellite

(_ i000 km) which directionally accelerates electrons

toward the atmosphere.

A mechanism acting near the equatorial plane which pro-

duces a pitch angle distribution which is strongly

peaked at _ < 3 ° (that is_ few electrons are produced

with 4 ° < _o < 80.)
o

A mechanism acting in the region of the satellite which

produces an isotropic distribution of electrons at low

altitudes.

Scattering of locally trapped electrons by atmospheric

constituents. This mechanism would become more effec-

tive as the atmospheric density increased with decreas-

ing height.

Each of these mechanisms will produce near isotropic distributions

which occur much more frequently at low altitudes. However_

mechanismS2 would produce values of _ >> 1.0 when it was
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operative and the satellite was at an altitude where Detector i

was responding to particles whose equatorial pitch angle, do'

were within the range 4° < d < 8° since Detector 5 would still
o

be responding to particles with d ° < 3° . Values of _ much

greater than 1.0 were never observed and mechanism #2 can be

eliminated as a possibility. Mechanism #3 can be eliminated

for the same reason since when it operated in the southern

hemisphere values of _ > > i would occur when Detector i was

responding to particles with 4° < d° < 8 ° in the northern hemisphere.

Mechanism #3 would also predict that when the satellite was in

the sourthern hemisphere and this mechanism operative there, the

upflux of particles measured by Detector 5 would exceed the

locally trapped particle flux measured by Detector i. This was

never observed.

Mechanism _ 4 plausibly could produce the observed altitude

dependence of q0 but appears unable to produce the observed latitude

dependence of _0. For example, in Rev 249 of Figure 8, the precipi-

tated flux was observed to increase by two orders of magnitude from

A = 65 ° to A = 66.5 ° while the locally trapped flux increased by

less than a factor of two. This variation would require the scat°

_ _ _ change abruptly from _i0 -2 to _i in AA 1.5 °.tering eff_c_n_ to =

Since atmospheric density gradients as a function of latitude are
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not first order effects [Walt and MacDonald, 1964], it would be

very difficult to explain the latitude variation of _ with a

scattering mechanism. Also, it will be noted in Rev 2378 (Figure

12) that the satellite was at a lower altitude and recorded a

larger trapped flux at A = 62° than at A = 70° but the precipitated

flux was_i02 greater at A = 70° than at A = 62°, just the opposite

variation expected of a scattering mechanism.

Therefore, it is concluded that this mechanismwhich pro-

duces a tendency toward isotropy, and hence increases in preci-

pitation, acts primarily at low altitudes just above the top of

the atmosphere (200 to i000 km) and preferentially produces elec-

trons moving toward the atmosphere.

B. Statistical Study of Intense Auroral Zone

Particle Activity

In the present study, data were used from passes through

the outer zone in which the response of the electron multiplier

equaled or exceeded 0.12 c/s at some point during the pass and

in which this response was not due to contamination by light

or noise. For a complete discussion of the selection criteria

for these passes, see Fritz and Gurnett [1965]. Eighty-four

passes were selected in this manner.

Stilwell [1963] in calibrating the electron multiplier

prior to launch determined that the associated electrometer was
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linear over the range from 102 c/s downto less than 1.5 x 10-2 c/s.

The lower limit of the electrometer response determined the

threshold of the electron multiplier. Fritz and Gurnett [1965]

performed an extensive inflight calibration of the electron

multiplier and confirmed that the electrometer was linear

downto at least 1.5 x 10-2 c/s. With no extropolation of

the electrometer linearity_ the value (0.015 c/s) corresponded

to a flux threshold of approximately 3.0 X 106 electrons/cm 2

sec. ster. If the linearity wasassumedto hold downto

(0.010 c/s) the flux threshold was approximately 2 x 106

electrons/cm 2 sec. ster. [see Figure 2 of Fritz and Gurnett (1965)].

The lower threshold was used in Chapters IV and V in an attempt

to place an upper limit on the flux of trapped __i0 keV electrons.

In the present statistical statistical study_ only the threshold

equal to 3.0 x 106 electrons/cm 2 sec. ster. was used.

With the 84 passes selected as described above_all

instances when j (Ee _ i0 keV) exceeded 3.0 X 106 electrons/cm 2

sec. ster. in these passes were determined. These periods

constituted the data sample for the present statistical study.

To each of these periods the coordinates L, B_ magnetic local

time_ and the invariant latitude of the satellite were affixed

to each data point. The K _ 2K , and A indices for the
P P

particular periods were also affixed to each data point. With

the recorded data the spectral parameter_ _ for the interval
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between i0 keV and 40 keV was calculated for each period

using the responses of the electron multiplier and Detector

1 as described in Section A of Chapter III. The spectral

parameter, Eo, in an exponential spectral form (dN = Noexp(E/Eo)dE)

wasalso determined from the responses of these two detectors.

It was not possible to calculate the spectral parameter, y,

from 40 keV to 100 keV becausemost of these electron multi-

plier responses occurred during the summerof 1963 and the SpH

detector wasnot considered trustworthy after the middle

of M_V, 1963 (See discussion in Section F of Chapter II).

Fromthe responses of Detector 1 and Detector 5, the

dumpingparameter, _, was also calculated for these periods.

The spatial and temporal variations of these intense

fluxes of _ lO keV electrons were discussed in detail by

Fritz and Gurnett [1965] and in Section C of Chapter V in

the present paper. In general these intense fluxes of low

energy electrons, j (Ee > i0 keV) _ 2.5 × 107 electron/cm2

sec. ster., occurred only during local night between 1700

and 0700 hours (magnetic local time) and only between 58 °

and 76 ° invariant latitude. In the present statistical study,

the spectral variations found for the range from i0 keV to

40 keV during these intense events will be discussed.
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i. The Spectral Parameter, 7, vs Invariant Latitude, A

The variations of the spectral _arameter, y, for the energy

interval from i0 keV to 40 keV were investigated as a function of

invariant latitude by calculating the average value of y for the

data in each one degree interval of latitude. These variations

are presented in Figure 30 along with a scatter plot of the data.

It will be noted that the value of y generally increased with in-

creasing latitude. However the scatter plot is more informative.

Below A _ 65 °, the spectral parameter, y, was always less than

y = 4.5, whereas for A _ 73 °, _ was always greater than _ = 4.0.

In the region 65 ° _ A _ 73 °, _ varied over a range from y = 1.5

to y = 7-4

2. The Spectral Parameter, _, vs Magnetic Local Time

The variations of the spectral parameter, y, for the energy

interval from I0 keV to 40 keV were investigated as a function of

magnetic local time by calculating the average value of _ for the

data in each one hour interval of MLT. These variations are

presented in Figure 31 along with a scatter plot of the data. The

Lmpression from both the mean values and the scatter plot is that

the energy spectrum between i0 keV and 40 keV was much softer
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during the early evening hours (1700 to 2100 hours MLT) than at any

other time during local night. The smaller values of _ which occur-

red around the dusk meridian (1800 hours MLT) were investigated in-

dividually. It was found that almost all of these values were

recorded on Rev 3451 (Figure 19). Therefore the impression of the

s_ectrumbecoming harder again around 1700 hours MLT may have been

the result of a temporal variation observed on Rev 3451 which

occurred during the largest magnetic disturbance observed by Injun

3 (see Figure 6). Otherwise the absence of very soft spectra on

the morning side of the midnight meridian and the absence of the

hard spectra from 1800 hours to 2200 hours on the evening side of

the midnight meridian appear genuine and significant.

Johansen [1965] using simultaneous auroral luminosity and

auroral absorption measurements taken during the three winters

1961/62, 1962/633 1963/64 was able to study the variations in the

energy spectrum of auroral electrons as a function of local time.

He concluded that between 2000 hours and O100 hours local time

there was a significant hardening of the energy spectrum with max-

imumhardness between 2200 and 2300 hours, a result consistent

with Figure 31 herein. Johansen also concluded that the energy

spectrum appeared to be fairly independent of the intensity of the

auroral luminosity (see next paragraph).

I I
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3. The Spectral Parameter, _, vs j (Ee 2 I0 keV)

The variations of the spectral parameter_ y# for the energy

interval from lO keV to 40 keV were investigated as a function of

the intensity of _ l0 keV electrons measured at the position of the

satellite by calculating the average value of _ for the data over

each incremental increase of a factor of 2.5 in the value of j (Ee

lO keV). These variations are presented in Figure 32 along with

a scatter plot of the data. From Figure 32_ it will be noted that

almost any value of the spectral parameter possible occurred at

any given value of j(E e a l0 keV). The average value of 7 for

each incremental increase in j (Ee a lO keV) exhibited very little

dependence on the value of j (Ee a lO keV). These results are in

good agreement with the observation of Johansen [1965] noted above.

From the scatter plot it will be noted that the largest values of

j (Ee _ lO keV) observed were _ lO 9 electrons/cm 2 sec. ster. and

these represent the most intense fluxes of electrons observed by

Tnjun 3- The smallest values exhibited in the scatter plot,

4 x lO 6 electrons/cm 2 sec. ster._ were set by the threshold of

the multiplier (3 x lO 6 electrons/cm 2 sec. ster.).
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4. The Spectral parameter, y, vs the

Dumping Parameter 3

There was little meaning in investigating the variations of

the spectral parameter3 y, as a function of the dumping parameter3

_, because in almost all of the cases _ was greater than O.1 and

the effective range in the dumping parameter was only the order of

magnitude from 0.1 to 1.0.

5. The Spectral Parameter, y vs K
P

As a final point, the variations of the spectral parameter,

_, were investigated as a function of the 3 hour Kp index. The

average value of the spectral parameter, _, was calculated for the

data recorded at each value of the K index from 0 to 7. These
P

average values are presented in Figure 33 along with a scatter plot

of the data. Almost no events occurred when K < 2. From the
P

scatter plot it will be noted that when Kp was in the range from 2

to 4 a wide range of the spectral parameter occurred# but as K
P

increased the softer spectra were never observed. This type of

variation led to an average overall hardening of the energy spectrum

from lO keV to 40 keV with increasing K o
P

Therefore the mechanism responsible for the production of

these intense fluxes of _ lO keV precipitating electrons was
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strongly dependent on K or magnetic activity. The mechanism work-
P

ed for energies __ i0 keV when K __ 2 but very seldom below that.
P

A_ the degree of magnetic activity increased this mechanism was able

to increase the intensity of j (Ee 40 keV) relatively more than

j (Ee __ i0 keV). In Rev 1397 (Figure 13) at A _ 63 ° this mecha-

nism appeared to increase the intensity of j (Ee _ 90 keV) as well

as j (Ee _ 40 keV). The Kp index at that time was 40 .

It is noted again that most of the smaller values of V

plotted in Figure 31 near 1700 hours MLT were cQmputed fr_ data

taken on Rev 3451 (Figure 19). The K index during Rev 3451 was
P

5+ and it is noted that the apparent hardening of the spectrum at

1700 hours MLT in Figure 31 may have been the result of the very

large September storm and not necessarily an effect associated with

that region of MLT.



98

VII. SUMMARY OF PRINCIPAL FINDINGS

In the present study of the spectral, spatial, and tem-

poral variations observed for outer zone electrons with energies

frGn l0 keV to lO0 keV, a number of the observations were inter-

related with one another. In this chapter the principal findings

of the present study are summarized.

A. Precipitation of Electrons Into the Atmosphere

In the present paper, it has been shown that electrons with

E 2 40 keV were constantly observed in the loss cone (i.e., par-
e

ticles which would mirror below lO0 km before being reflected) at

all latitudes of the outer zone for L _ 2.0 (Chapter vI.A.8).

The flux of precipitating electrons _as al_ays approximately lO -2

that of the locally mirroring flux. This meant that the degree

of precipitation occurring for the region of the outer zone with

L a 2.0 was independent of latitude up to the high latitude

boundary at which point it usually increased rapidly (Chapter IV

and VI.A.7). For latitudes below the high latitude boundary the

ratio of the precipitated flux to the locally trapped flux was

independent of altitude (B) up to the point where Detector 5

could respond to trapped particles (Chapter VI.A.8).
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These lower latitude variations of the locally trapped and pre-

cipitated flux imply that both types of particles originated in

the same manner and their characteristics noted here are strongly

suggestive of a pitch angle scattering or diffusion mechanism

which operates constantly and at all latitude from A = 45 ° up to

the high latitude boundary of the outer trapping region_ producing

both the locally trapped and precipitating flux observed by Injun

3. This will be examined in more detail later.

At the high latitude boundary there was usually a "spike"

of precipitating electrons present and in many cases the flux of

40 keV electrons was isotropic over the upper hemisphere at the

position of the satellite as the satellite passed through the

boundary. The dumping parameter_ _, was usually observed to

break sharply from 10-2 toward one at that point and beyond that

latitude large amounts of > 40 keV electron precipitation were

observed during magnetically quiet as well as active periods

'.... _ .... _ _ _o_o_+._ qt_._ Associated with these large

precipitation events are discussed later in this chapter.

B. High Latitude Outer Zone Boundary

It was noted in Figure l2 that large variations (A A = 7 °)

occurred in the apparent position of the a 40 keV electron high
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latitude boundary during a magnetically quiet period (Chapter V.A).

It was also noted that in each of the four passes presented_ the

latitude at which the dumping parameter, _, started to increase

sharply was approximately 65° for each pass. In Figure 12 it will

be noted that there was no variation in the value of jA (Ee _ 40 keV)

and j (Ee _ 40 keV) dumpedfor A < 65° fr_n pass to pass in each of

the four asses but very large variations in these quantities

occurred for A > 65° . For example at A = 70_ j± (Ee _ 40 keV)

varied frGn 3.0 x lO5 electrons/cm 2. sec. ster. on Rev2378 to

< 102 electrons/cm 2. sec. ster. on Rev 2380. This represented a

changeof over three and a half orders of magnitude in j± (Ee m 40

keV) in less than four hours an3 therefore it would be difficult

to call the electron fluxes observed at A > 65° durably trapped.

The concept of a high latitude outer zone "trapping" boundary

for _ 40 keV electrons has usually been associated with a point

where the counting rate of a given detector dropped rapidly toward

background as a function of latitude. This concept probably should

be revised to include two regions, the trapping region and the

auroral zone_ which overlap sGnewhatin latitude. The auroral

zone can be disturbed by a variety of mechanisms(the variations

which sane of them produce are discussed in the next section).

L
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The lower latitude trapping region is disturbed only during mag-

netically active periods but remains undisturbed otherwise and

exists in the manner outlined in the preceding section of this

chapter.

The position at which the dumping parameter, _, is ob-

served to break sharply from _ lO -2 toward 1 should be a more

meaningful concept of the high latitude limit to durably trapped

particles than the usual intensity cutoff.

C. Observed Particle Variations

In the present study a large number of particle observa-

tions have been presented. In the present section an attempt is

made to group the observations into a set of distinct particle

variations which can later be associated with the presently pro-

posed mechanisms reported in the literature.

In the low altitude trapping region (as opposed to the

auroral zone) there appeared to be four distinct variations of

the characteristics of electrons with energies from 40 keV to

lO0 keV. Three of these variations were associated with magnetic

activity and are discussed later. The fourth group of observa-

tions deals with the quiet time trapping region. In this region
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there was always a significant flux of _ 40 keV electrons observed

in the loss cone (i.e., particles which would mirror below lO0 km

before being reflected). A source for these particles was neces-

sary since they would be lost in the atmospherebefore cQmpleting

a latitudinal oscilliation. The lifetimes of these particles was

therefore less than lO-1 seconds _ one quarter of their bounce

period) but they were observed constantly. From the discussion of

Section A of this chapter, the characteristics noted there were

strongly suggestive of a pitch angle scattering or diffusion

mechanismwhich operated constantly and at all latitudes for L

2.0 wlth equal effectiveness. The variations of the intensity of

locally trapped and precipitating electrons as a function of

latitude then could be attributed to a source mechanismoperating

nearer the equatorial plane which supplied the electrons that

were eventually observed by Injun 3 at the lower altitudes through

a pitch angle scattering process. This interpretation of the ob-

served particle variation, although suggestive, is of course not

unique.

During the occurrence of magnetic activity there appeared

to be three distinct variations of the flux of electrons with

energies between 40 keV and lO0 keV in the outer zone for A > 57° •
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_ese were

i. Rapid Loss

2. Replenishment

3. Persistent Decay

At the onset of a magnetic storm the values of JA (40 keV

E _ 50 keV) and j± (80 keV _ E _ 100 keV) were observed here and
e

the value of j± (Ee _ 40 keV) was observed by Craven [1966] to

decrease by factors of l0 to l03' It was not possible to determine

frcm the Injun 3 data whether these _articles were completely lost

to the outer zone or whether their pitch angles were perturbed in

such a fashion that they mirrored above the satellite.

However, observation of a similar rapid loss near the

equatorial plane at L _ 5 by Explorer 14 [Frank, 1965] indicates

that the particles were cQmpletely lost to the outer zone. After

the rapid loss occurred, a replenishment of _ 40 keV and _ 90 keV

particles was observed to occur in which the value of jA (40 keV

_ 50 keV) was increased by a factor of 30 _n less than a day.e

The increase of j& (80 keV m Ee _ i00 keV) was observed to occur

over a period of days reaching a maximum after the _ 40 keV fluxes

had already begun to decay. After the fluxes of _ 40 keV and _ 90

keV electrons reached their respective peak intensities, they began a
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persistent decay which lasted over a period of days. The values of

j± (80 keV _ Ee _ lO0 keV) decayed in an exponential manner with a

time constant of the order of _ 2 days. The observed decay of j±

(40 keV m Ee _ 50 keV) was not of an exponential nature (as found

by Craven [1966] for j± (Ee m 40 keV)) due to other variations

superimposed on the decay (Chapter V.B).

In the next chapter, various mechanisms reported in the

literature are discussed to determine the possible mechanisms which

may cause the above observed particle variations.

In the auroral zone region, A > 65 °, there were at least two

distinct groups of variations which were observed in the present

study of Injun 3 data. These groups of observed variations were

very distinct from each other and in the stm_narypresented here

each group is associated with a mechanism (source or acceleration)

for the purpose of summarizing the collective variations. In this

manner the properties and characteristics of the mechanism (or

mechanisms) which must exist and which cause the observed particle

characteristics are delineated.

The first group of observations to be discussed here was

associated with the variations observed in Rev 243 (Figure 8)_ Rev

255 (Figure 10)_ Rev 2378 (Figure 12) and probably Rev 1459 (Figure
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14). The 'hechanism" associated with this group was observed to

produce fl_<es of a 40 keV electrons which were isotropic or nearly

isotropic over the upper hemisphere at the position of the satellite

and it a_peared to be independent of the amount of magnetic activity

occurring_ being observed to operate during periods of little mag-

netic activity (e.g., Rev 255 of Figure lO). It was observed to

occur at all local times and produced the sharp change in the dump-

ing parameter, _, from a value of lO -2 to _ 1 associated with the

high latitude boundary. It operated almost continually in the

region A > 65 ° with only a few passes found where the sharp in-

crease in _ was not observed at the boundary (e.g., Figure 5). As

this mechanism increased in intensity_ it usually =roduced iso-

tropic distributions at latitudes higher than A _ 65 ° (e.g., 65 ° <

A < 70° in Rev 243 of Figure 8 and 65 ° < A < 74 ° in Rev 2378 of

Figure 12) but it could expand to lower latitudes also (e.g., 60 ° <

A _ 75 ° in Rev 255 of Figure 10). It was not observed to occur

below A = 60 ° (se_ F_gure 28). From the results of Chapter VI.A.6

this mechanism was found to be energy dependent and would act to

precipitate a softer spectrum of electrons than that which was

normally present in the trapped radiation. In the only pass where

this mechanism was observed to affect the value of j± (80 keV
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E _ i00 keV) (Rev 1459 of Figure 14), the spectral slope para-
e

meter fr_n 40 keV to i00 keV was 7 _ 8.0, one of the softest spec-

tra observed in the Injun 3 data, while the spectral slope between

i0 keV and 40 keV was 7 _ 2.5, indicating a fairly hard spectrum

for that energy interval. The most surprising feature of the

mechanism was that it tended to produce the isotropic fluxes pre-

dominantly right on top of the atmosphere (Figure 29). From the

discussion of Chapter VI.A.8, this dependence was interpreted to

demonstrate that this mechanism must operate in the region of the

satellite near the end of the geomagnetic field line and preferen-

tially produce electrons moving toward the atmosphere.

The second group of observations was associated with the

variations observed in connection with the intense fluxes of a i0

keV electrons precipitating into the atmosphere. The 'hechanism"

associated with this group was observed to operate only during

distrubed conditions (Kp a 2). This mechanism occurred only in

the classical auroral zone between A _ 56 ° and A _ 77 ° and only

during local night between 1700 hours and 0700 hours MLT. It was

responsible for the intense fluxes, j (Ee a i0 keV) a 2.5 x 107

electrons/cm 2 sec. ster. observed by Injun 3 and reported by Fritz

and Gurnett [1965] that were associated with the high latitude _ 40

keV electron intensity cutoff.
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From the discussion of Chapter V.C_ it was shownthat this

mechanismacted in a region high above the satellite. It produced

a muchsofter spectrum in the interval from i0 keV to 40 keV in

the early evening hours (1800 hours to 2000 hours) of local night

than it did during the early morning hours (2200 hours < MLT< 0700

hours) (Figure 31). A_ a function of latitude the spectrum was

always muchharder (y < 4.5) for A < 65° and was always very soft

(y > 4.0) for A > 73° (Figure 30). The energy this mechanismwas

able to give to a particle was dependent on the amount of magnetic

activity occurring (Figure 33). That is, it was seldom observed

for K < 2. For K > 2 it produced intense fluxes of a i0 keV
P P

electrons and as K increased it could enhance the flux of = 40 keV
P

(Kp> 4) and = 90 keV electrons.

Various particle acceleration and source mechanisms reported

in the literature are discussed in the next chapter to determine the

actual mechanisms associated with the particle variations presented

above.
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VIII. DISCUSSION

A numberof different acceleration and/or source mechanisms

for outer zone electrons have been proposed [Dessler and Karplus,

1961_Dragt, 1961; Wentzel, 1961_ Cornwall, 1964_ Stix, 1964; Chang

and Pearlstein 3 1965_Dungey, 1965_ F_lthammar, 1965_ Taylor and

Hones, 1965_ Trakhtengerts, 1965; Block, 1966; Eviatar, 1966; Kennel

and Petschek3 1966a_Persson3 1966_ Roberts, 1966_Evans, 1967 ].

Manyof these mechanismsare only in the conceptual stage and do not

predict detailed particle characteristics and behavior. Howevera

few have been developed to the point of making such detailed pre-

dictions. In the present chapter, s_ne of these mechanismswill be

examinedin detail in order to determine whether the particle char-

acteristics observed in the present study may be understood.

A. The Pitch Angle Diffusion Mechanism of

Kennel and Petschek [1966a] _

One of the pitch angle diffusion mechanisms proposed, the

mechanism of Kennel and Petschek [1966a] has been developed to a

large extent [Thorne and Kennel_ 1966; Kennel and Thorne, 1966;

Kennel and Petschek, 1966b; Kennel, 1967]. This mechanism uses the

concept of a whistler cycloton resonance interaction which is

II
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generated and maintained near the equatorial plane by an anisotropic

particle pitch angle distribution to scatter particles toward smaller

equatorial pitch angles. This mechanism acts to limit the number of

trapped particles observed at the equatorial plane and is non linear

in nature. That is_ if the trapped flux present near the equatorial

plane is less than the limit imposed by this mechanism there will be

no pitch angle diffusion taking place. However_ as the trapped

particle flux exceeds this limit_ the diffusion mechanism takes over

and reduces the intensity of the trapped flux to the limiting level.

Kennel and Petschek [ 1966a_ b] calculated the limiting values that

this mechanism would impose on fluxes near the equatorial plane. It

was found that the Explorer 14 values of J(Ee_40 keV) reported by

Frank [196_ were approximately equal to these limiting fluxes for

L _ 4. With this ground work_ Kennel and Petschek [ 1966a_ b] were

able to predict the following particle characteristics observable

in the low altitude outer zone:

!. Ther_ _hould be a steady state "weak" diffusion of par-

ticles into the pitch angle region of the loss cone_

resulting in a "dizzle" of precipitating particles.

This effect was anticipated because the equatorial fluxes were ob-

served to be approximately equal to the limiting values imposed by
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this mechanismfor L _ 4.0, thus suggesting the possibility of a

constantly active source mechamismnear the equatorial plane and a

corresponding "dizzle" of precipitating particles or steady state

diffusion loss .

2. If the equatorial trapped electron fluxes are built up

to their limiting values by an acceleration mechanism,

the observed energy spectrum will be hard since the

limiting flux is essentially independent of energy.

Howeverthere should be a transition energy beyond which

the flux is no longer near its limit and a softer spec-

trum should exist at higher energies.

Kennel and Petschek suggested after an examination of the data that

at L = 6 electrons with E _40 keV are frequently near the limitinge

value imposedby this mechanismwhile electrons with Eea240keV are

only occassionally at their limiting value. Therefore for this

latitude (L=6), the transition energy should be greater than 40 keV

but less than 240 keV.

3o If spectra are measuredusing two channels - one above

and one below the transition energy, the trapped par-

ticles should have a harder spectrum than the precipi-

tating particles. In fact there should not be any

precipitating particles at the higher energies.
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. This mechanism does not require any gross change in the

geomagnetic or geoelectric fields to produce an increase

in precipitation.

5. When acceleration is continuous_ more and more of the

electron energy distribution reaches the limiting flux

and the transition energy increases with time. Thus,

observed trapped particle energy spectra should beccme

progressively harder with time. Also when acceleration

is enhanced high energy electrons should have their

peak after the low energy electron fluxes.

These five consequences of the basic whistler mode insta-

bility theory of Kennel and Petschek can now be examined in the

context of the present study. An extension of the theory to in-

clude parasitic precipitation of higher energy electrons at lati-

tudes below the latitude of generation of the whistler is able to

predict exponential type decays with time constants of the order

of days [Kennel and Petschek, 1966b; Kennel, 1967].

In the present paper it was found that the value of the

dumping parameter_ _ was essentially independent of latitude up

to the high latitude boundary during undisturbed periods_ that

there was always a significant flux of a 40 keV electrons in the



112

-2
loss cone_ and that this flux was equal to approximately i0 that

of the locally trapped fluxes at all latitudes for A _ 45°. Pre-

diction i above states that there should be a steady state "dizzle"

of precipitating electrons and appears to agree with these observed

electron characteristics very well. Howeverfrom the discussion

by Kennel and Petschek [1966a, b] Prediction i should not be

operative below L _ 4.0 and even for L > 4.0 the observed equatorial

electron intensities were more often suberitical than unstable.

There was a large drop in the intensities of both the locally

trapped and precipitated _ 40 keV electron fluxes below L _ 4.0

(A < 60 °) associated with the slot but the ratio of these two

fluxes remained unaffected. The fact that _ was independent of

latitude from A = 45 ° up to the high latitude boundary implies

that any pitch angle scattering mechanism should also be independent

of latitude for A > 45 ° and the observed low altitude intensity

variations of the locally trapped and the precipitated _ 40 keV

electrons probably were reflecting the variation in the source

mechanism(s) of these particles near the equatorial plane. In its

present form the pitch angle scattering mechanism resulting from

the whistler mode instability does not appear to agree with the

observed undisturbed particle variations at the lower latitudes

(A < 60°).
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Since this mechanism does not appear to be operative much

below L--_ 4.0 (A --_60°), it is a possible candidate to explain the

large variation observed during a magnetic storm which appeared to

occur only for A > 57 ° (Figure 15). In Chapter VII, it was shown

that three types of particle behavior were observed during a

magnetic storm. These were (i) rapid loss_ (2) replenishment, and

(3) persistent decay. The pitch angle diffusion mechanism is un-

able to explain the rapid loss phase of the magnetic storm since

it can act only to increase the flux observed at low altitudes.

However if a steady state source mechanism near the equatorial

plane is assumed [Kennel and Petschek_ 1966a and b] and which

appeared to be implied by the results of the present study_ the

entire storm time variations observed at low altitudes can be

predicted qualitatively by assuming scme rather ad hoc but not

unreasonable variations of the equatorial source. First this

equatorial source is momentarily shut off at the beginning of a

magnetic s+o_ (_.g.. at the sudden commencement) and then is

turned on again (e.g., during the initial phase) acting contin-

uously through the storm.

By turning off the source at the beginning of the storm

the steady state pitch angle scattering mechanism suggested in
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Chapter VII would decrease the intensities of the equatorially

trapped fluxes until either the reservoir of particles was depleted

or the mechanismwas unable to operate. The samedecrease would be

observed at low altitudes giving rise to the rapid loss phase of

the observed particle variations. As the source mechanism is

turned on again Prediction 5 of the mechanism of Kennel and petschek

would become important. From Figure 15_ it is noted that the in-

tensity of the lower energy electrons reaches its maximum value

before that of the higher energy electrons at A = 60 ° in agreement

with Prediction 5. It is also noted in Figure 15 that after the

values of the intensities of both the _ 40 keV and _ 90 keV electrons

began to rise_ the energy spectrum became progressively harder

with time and this is again in good agreement with Prediction 5.

The subsequent persistent decay could be explained by requiring

the source mechanism to lose strength as the magnetic activity

subsides and be unable to maintain the intensity of _ 90 keV

electrons near their limiting values. The transition energy would

move to a point between _ 40 keV and _ 90 keV. Parasitic pre-

cipitation of _ 90 keV electrons [Kennel_ 19673 would begin and

give the observed exponential decays. With the _ 90 keV electrons

above the transition energy, prediction 2 could be tested. The

values of j (Ee > i0 keV) and j (Ee _ 40 keV) would still be

maintained near their limiting values, while the value of
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j (Ee 90 keV) would continue to decrease. Therefore the fact

that the spectral slope between I0 keV and 40 keV was observed to

be much harder than the slope from 40 keV to i0@ keV after the

maximum intensities were reached is also in good agreement with

Prediction 2 (see Rev 1459 of Figure 14).

The pitch angle diffusion mechanism of Kennel and Petschek

has been shown here in a qualitative manner to be able to produce

the particle variations observed at low altitudes with reasonable

assumptions about a source mechanism acting near the equatorial

plane. The consistency of these observations and predictions

however does not_ of course 3 prove the existence of this mechanismj

but does support it.

Since this mechanism can act to increase the amount of

precipitation occurring at low altitudes without requiring any

change in the geomagnetic field (Prediction 4), it is also a

possible candidate for the phenomenon described in Chapter VII

which operates in the auroral zone during quiet times. This

pitch angle diffusion mechanism being non linear in nature acts to

drive the value of an enhanced flux of trapped particles near the

equatorial plane down to the value of the limiting flux for that

L shell. If the equatorial trapped fluxes were enhanced well

above the limiting values the diffusion mechanism bec_ues much
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stronger and a large amount of precipitation will occur at low

altitudes. These large increases in the values of the precipi-

tating flux were observed frequently with Injun 3- If we assume

that the transition energy for these quiet time precipitation

events was between 40 keV and 90 keVj then Prediction 3 should

be observed. In Chapter VI it was shown that the energy spectrum

from 40 keV to i00 keV became much softer as the degree of pre-

cipitation (_) increased. This is in agreement with Prediction 3.

In the series of passes presented in Figures 7 to ii_ it was found

that the intensity of the _ 90 keV electrons was not observably

effected during these large a 40 keV precipitation events (e.g.,

Rev 243 of Figure 8 and Rev 255 of Figure i0). This again is in

good agreement with Prediction 3.

However it was shown in Chapter VI that the mechanism which

generated these large precipitation events acted to produce the

isotropic distributions predominantly right on top of the atmos-

phere nes2 the en_ of the geomagnetic field line. It appears to

be conceptually very difficult to diffuse particles in pitch angle

with a mechanism acting near the equatorial plane in such a way

that large fluxes of particles can be produced with equatorial

pitch angles, d 0 < 3°_ but the same large fluxes are not found to
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occur in the equatorial pitch angle interval, 3 ° _ d 0 _ 7 °. There-

fore, in its present form this pitch angle scattering mechanism

does not appear to be the mechanism causing these quiet time auroral

zone precipitation events.

In summary 3 the pitch angle diffusion mechanism resulting

from the whistler mode instability does not appear to be adequate

to predict the variations observed in the quiet time outer trapping

region ("dizzle" precipitation) or the large _ 40 keV electron pre-

cipitation events which are observed in the auroral zone_ neither

the quiet time precipitation events nor the intense m i0 keV electron

precipitation events. However during the development of a magnetic

disturbance_ this mechanism is able to predict the observed low

altitude particle variations very well (with a few reasonable_

although ad hoc, assumptions about the equatorial source mechanism(s))

and appears to play an important role in such disturbances. This

role would be consistent with the observation that the equatorial

electron intensities were more often subcritical than supercritical

for L _ 4.0°

B. The Magnetospheric Model of

Taylor and Hones [ 196_

Taylor and Hones [196_ have constructed a model of the

earth's magnetosphere which Used an empirically deduced geomagnetic



• °

118

and geoelectric field configuration. The model of the magnetic

field included the effects of the solar wind pressure on the sun-

ward side of the magnetosphere and of the neutral or current sheet

in the magnetospheric tail. The electric field was deduced in the

ionosphere from the SD current system which accompanied magnetic

bays and therefore represented magnetically disturbed conditions.

The magnetic field lines were assumed to be equipotentials and the

electric field was projected throughout the magnetosphere. The

motion of the solar wind electrons (kinetic energy at the mag-

netospheric boundary < i keV) was studied in quantitative detail.

The motion of these electrons was followed by allowing them to

drift into the magnetosphere frQm the boundary surface while con-

serving their first and second adiabatic invariants. With the

model set up in this manner Taylor and Hones [1965] were able to

predict the following particle variations observable in the low

altitude outer zone:

i. These eiectz'on_ w_±±......_u_ remain __ +_a nrh_ts

(without invoking additional meehanisms)_ but will

either precipitate into the atmosphere and be absorbedj

or will drift back out of the magnetosphere again.
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2. The maximum energy which these solar wind electrons can

achieve at low altitudes is _ 40 keV.

o These electrons will precipitate only on the local night

side of the magnetosphere. They should be found between

70o and 78° invariant latitude between 1800 hours and

2400 hours MLT and should be found about 5 ° southward

from the above values after local midnight.

4. These electrons should precipitate in a region north of

the _ 40 keV outer zone electron trapping boundary.

• The electron energy spectrum between i keV and i00 keV

should be much softer north of the boundary than south

of it.

6. particles precipating at a given latitude will have

energies of a few keV during the early evening hours

-_d get progressively more energetic reaching 35 to

40 keV a few hours after local midnight•

These six consequences of letting solar wind particles drift

into this model of Taylor and Hones [1965] can now be examined in

the context of the present study.
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Since the model used an electric field which was associated

with magnetic bay activity in the auroral zone, it should be

associated with the mechanismdiscussed in Chapter VII which pro-

duced the intense fluxes of _ i0 keV electrons observed by Injun 3.

Prediction i above states that these intense fluxes of

i0 keV electrons should not remain in trapped orbits. Since the

Injum 3 electron multiplier sampledparticles with pitch angles,

= 50° ± i0°_ it usually sampledboth particles which would mirror

above the atmosphereand particles which would mirror in the at-

mosphereand be lost. Therefore it was sensitive to both locally

trapped and precipitated particles. In Section C of Chapter V it

was noted that these intense events, j (E _ i0 keV) _ 2.5 x 107

electrons/cm 2 sec. ster. were never observed on three consecutive

passes (over a period of _ four hours). In Figures 16 and 17 it

will be noted that the latitude at which the intense fluxes of

i0 keV electrons occurred was not constant from pass to pass.

In Chapter V.C. it was argued that these intense fluxes of _ i0

keV electrons originated high above the region of the satellite

on lines of force intersecting the surface of the earth in the

classical auroral zone. These observations indicated that these

intense fluxes of _ i0 keV electrons were introduced into the

region of the auroral zone and precipitated without remaining in

stably trapped orbits. This is in good agreementwith prediction i

of the model of Taylor and Hones[196_].
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Most of the intense fluxes of _ i0 keY electrons were ob-

served during the summerof 1963 during a period when the SpH

channel was considered untrustworthy. For this reason3 it was not

possible to determine whether the flux of _ 90 keV electrons was

usually influenced during the periods of these intense a lO keV

electron precipitation events but in the event presented in Figure

13 (Rev 1397)_ it did appear that the value of jA (80 keV < Ee <

lO0 keV) was enhanced at the same latitude at which the intense

flux of _ lO keV electrons was observed. To investigate this

point more fully_ fifteen of the events were investigated for

which the SpH detector was considered to be trustworthy. It was

found that there was a detectable increase of j± (80 keV < E <
e

lO0 keV) associated in time with the intense flux of _ l0 keV

electrons in about half of these events (seven) with three of the

increases being as observable as Rev 1397 in Figure 13. Therefore

increases in the flux of _ 90 keV electrons were observable for

som_ of _^_^_ cv_+_......._h_ does not agree with Prediction 2 of

the model of Taylor and Hones.

Prediction 3 is the most stringent of the predictions to

satisfy. Taylor and Hones [1965] compared this prediction with

the region of occurrence of the observed intense a l0 keV electron
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precipitation events reported by Fritz and Gurnett [1965] and con-

cluded that the observed and predicted regions of precipitation

were in reasonable agreementwith each other.

It would appear from Prediction 4 that these intense fluxes

of _ i0 keV electrons should be found in a region north of the in-

tensity cutoff for _ 40 keV electrons as for example3 Rev 2829 in

Figure 19. Howevermost of the _ i0 keV electrons fluxes were ob-

served to occur on or inside the latitude of the intensity cutoff

for _ 40 keV electrons. The observations appear to disagree with

Prediction 4. Howeverfrom the discussion of Section B in Chapter

VII a moremeaningful definition of the high latitude boundary for

durably trapped _ 40 keV outer zone electrons would be the latitude

at which the dumpingparameter3 _3 broke away from _ _ 10-2 toward

_ i. With this definition of the high latitude _ 40 keV "trapping"

boundary3 the intense fluxes of _ i0 keV electrons were observed

almost without exception in the region where _ was approaching one

and therefore in good agreementwith Prediction 4.

Prediction 5 of the model of Taylor and Hones[1965] is

associated with the discussion given above for Prediction 4 but

the consequencesof Prediction 5 are readily apparent in Figure 30.

It will be noted that for A _ 65°3 the spectral slope between i0 keV
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and 40 keV was always less than 7 _ 4.5 but for A _ 73 ° the spectral

parameter was always greater than 7 = 4.0. For the region 65 ° _ A

73 ° any value of the spectral parameter from 7 = 1.5 to y = 7.0 was

possible. The wide statistical variations of the spectral parameter

in this region can be interpreted to mean variations in the position

of the outer zone boundary.

Since Prediction 6 is a prediction about the presence of elec-

trons of various energies as a function of local time, it is informa-

tive to investigate the variation of the _ iO keV and _ 40 keV elec-

trons associated with these intense precipitation events. Scatter

plots of the fluxes of these electrons were constructed as a function

of local time. It was found that there was little change in the

median intensity of the _ iO keV electrons as a function of local

time_ but there were relatively fewer occasions when appreciable

fluxes of _ i0 keV electrons were present for local times earlier

than 2000 hours [see Figure 6 of Fritz and Gurnett, 1965]. It was

found that the median intensity of _ 40 keV electrons had a minimum

between 1800 hours an_ 2000 hours, thcn increased by approximately

two orders of magnitude between 2000 hours and 2200 hours_ and remained

approximately constant for local times_ter 2200 hours. These varia-

tions can be observed in Figure 31 since it was noted above that there

was little change in the median value of J(Ee_lO keV) as a function

of local time. From Figure 31, it was noted that there was a marked

absence of the smaller values of the spectral parameter in the early
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evening hours from 18OO hours to 2200 hours MLT. This can be inter-

preted to indicate that the value of j(E e a 40 keV) was not enhanced

for those local times. Also in Figure 31, it was noted that there

was an almost complete lack of the very soft spectra on the morning

side of the midnight meridian (0200 hours _ MLT _ 0800 hours).

This can be interpreted to indicate that the value of j(E e _ 40 keV)

was always enhanced during this local time interval. These varia-

tions are in good agreement with Prediction 6 of the model of Taylor

and Hones.

The auroral zone mechanism discussed here and in Chapter VII

was found also to have a dependence on the degree of magnetic

activity occurring at the time the intense flux of _ i0 keV elec-

trons was observed. This dependence indicated that the mechanism

was able to create more and more energetic electrons as the degree

of activity increased. The model of Taylor and Hones [1965] in-

cluded no specifications for variations with magnetic activity.

However, a few qualitative arguments can be made here. Since the

electric field configuration of the model was deduced from a twelve-

month average current system in the polar ionosphere derived from

magnetic bays, the actual current system and hence the electric

field should be a function of the degree of magnetic activity

occurring. This was confirmed by Fairfield [1963,1964] who made

a statistical study of the orientation and intensity of very high

latitude current systems in quiet and disturbed times. He
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concluded that the time variations both in intensity and direction

were large but that the direction was rotated by some30° with

respect to the earth sun line from quiet to disturbed times. There-

fore it is not unreasonable to expect that large potentials and

different electric field configurations exist during the periods of

large magnetic activity 3 and thereby permit the solar wind elec-

trons to gain larger amounts of energy in reaching the auroral zone

regions. This would be a possible explanation of the difference

between the observation of _ 90 keV electrons associated with these

intense _ lO keV precipitation events and Prediction 2 of the model

of Taylor and Hones[1965]. The large amount of scatter in Figure

31 between 2100 hours and 0200 hours MLTmaybe associated with the

variations of the energy which a solar wind electron can derive

during various phases of magnetic activity.

In summary_the model of Taylor and Hones[1965] appears to

be very successful in explaining the observed variations of the

.... _.... fr_ IO keV to 40 keV associated with the in-outer zoiie _ _ ........

tense fluxes of _ i0 keY precipitating electrons reported by Fritz

and Curnett [1965]. This model provides both a source and an

acceleration mechanism for these particles. It is suggested that

an extension of the model to include various degrees of magnetic

activity will be important.
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C. The Two Stream Plasma Instability Mechanism

o_ stix L1964]

An acceleration mechanism, which is still in the conceptual

stage as far as application to magnetospheric phenomena is con-

cerned, was proposed by Stix [1964] to explain the results of cer-

tain laboratory plasma experiments. Smullin and Getty [1962]

reported that when a beam of monoenergetic electrons (with energy

equal to a few keV) was introduced into a plasma immersed in a

magnetic field within, a very short time (_ 10 -6 seconds) electrons

with energies greater than i00 keV were produced. Stix [1964]

proposed that the interaction of monoenergetic beam of electrons

with the plasma led to the production of various modes of plasma

waves. He showed that certain of these waves could grow in ampli-

tude_ drawing their energy from the monoenergetic beam. A reso-

nance between the gyrofrequeney of these keV electrons and the

wave frequency could then lead to a rapid acceleration of s_ne

favored keV energy electrons to energies of > I00 keV.

Evans [1967] pointed out that this situation possibly occurs

during intense auroral zone precipitation. In a rocket flight by

Evans into the break up phase of an auroral display_ the primary

auroral electron beam was observed to have a strong nearly mono-

energetic component with E _ 5 to 6 keV. Higher energy electrons
e
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(_ 16 keY; > 60 keY; > 120 keV) were observed to be present in sub-

stantial numbers and to demonstrate a i0 cps periodicity. Doing a

cross-correlation analysis of the fluctuations of the 16 keV3 60

keV and 120 keV detector counting rates; Evans concluded that these

fluctuations were simultaneous in real time. He then argued that the

process responsible for the generation of the periodic fluctuations

must lie close to the earth and also that the 16 keV and 120 keV

electrons must be affected nearly simultaneously at the source.

Evans [1967] proposed the following mechanism to explain both the

presence of energetic electrons in the auroral electron beam and

the occurrence of a i0 cps periodicity.

i. A monoenergetic beam iE _ 6 keY) of electrons (possibly

produced in the outer magnetosphere by an electric field

acceleration of the type proposed by Taylor and Hones

[1965] ) enters the enhanced electron density of the

upper F layer.

2. The interaction of these electrons with the local plasma

excites a wide range of plasma oscillations.

3. S_ne of these oscillations propagate and grow in an

exponential fashion.
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4. A gyrofrequency of certain favored electrons in the

monoenergetic beamresonates with these waves and these

electrons are accelerated.

5. The transfer of energy from wave to particles can pro-

gress to the point where it exceeds the growth of the

wave, thus damping the wave.

These five steps were suggested by Evans to occur during a

time interval of 0.i seconds. He also pointed out that this wave-

particle interaction favors energization perpendicular to the local

magnetic field line thus tending to trap the accelerated electrons

rather than precipitate them.

This mechanismis discussed here because it was a possible

source of the higher energy (_ 90 keV) observed during many of the

intense a i0 keV precipitation events (e.g., Rev 1397 of Figure 13).

It will be noted here that in Rev 1397 of Figure 13 all of the

necessary features of this mechanismwere present. An intense beam

of possibly nearly monoenergetic electrons was entering the

ionosphere and enhancementof the locally trapped electrons with

Ee 90 keVwas observed. Included in the detector complementof

the Injun 3 payload was a VLF receiver which was sensitive to the
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magnetic component of an electromagnetic wave with frequencies from

500 cps to 7.0 kc/s [Gurnett and O'Brien, 1964]. Since this mecha-

nism involves a wave-particle interaction, there is a distinct

possibility that the Injun 3 VLF receivers could detect the presence

of such a wave. The frequency-time spectrograms recorded during

Rev 1397 of Figure 13 were examined. It was found that coincident

with the beginning of the intense flux of >- i0 keY electrons an

intense banded noise appeared below 1.5 kc/s. This noise lasted

approximately 30 seconds which was the duration of the intense flux

of _>i0 keV electrons. This short burst of intense low frequency

noise was not common to the Injun 3 VLF data especially during

periods of local night [D. A. Gurnett and W. W. L. Taylor, private

communication]. This observation indicated that some unusual waves

were observed coincident with the _ i0 keV fluxes on this pass.

However, the waves postulated by Stix [1964] were electrostatic in

nature and would necessarily have had frequencies of the order of

megacycles. It was not possible to observe such waves with the

Injun 3 VLF experiment.

In summary, the generation of energetic electrons through

the mechanism of a two-stream plasma instability proposed by Stix

[1964] and observed in the laboratory by Smullin and Getty [1962]

and in the low altitude auroral zone by Evans [1967] is believed to
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be responsible for the generation of the _ 90 keV electrons

observed in connection with the intense fluxes of _ I0 keV elec-

trons observed by Injun 3 (e.g., Rev1397 of Figure 13).

It is noted here that if this mechanismis responsible for

the generation of the _ 90 keV electrons observed in connection

with the intense fluxes of _ i0 keV electrons, the only disagree-

ment between the predictions of the model of Taylor and Hones [1965]

and the experimental observations presented here is removed. (See

Prediction 2 of the model of Taylor and Hones in the preceeding

section.)
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Appendix !

MAGNETICORIENTATIONOFINJIIN 3

In manyof the discussions of the present paper the orienta-

tion of the various Injun 3 detectors with respect to the local

geomagnetic B vector played an important role in reaching the con-

clusions. For this reason a study of the effectiveness of the

Injun 3 passive magnetic orientation system in maintaining alignment

was undertaken and reported by Fritz [1965]. The results of this

study will be presented here.

Magnetic orientation of Injun 3 was accomplished by using a

large permanent bar magnet and orienting the satellite much like a

three-dimensions& compassneedle. Although this mechanismfor

satellite orientation was used on the two previous satellites in the

Injun series, no experimental verification of its effectiveness was

obtained until the launch of Injun 3. The principal element of the

nrJentation system was an Alnico V bar magnet one-inch square and

twenty-two inches long with a magnetic moment(M) of _ 1.4 x 105

ergs/gauss oriented along the @= 0° - @= 180° axis [O'Brien,

Laughlin, and Gurnett, 1964].

Injun 3 had a momentof inertia (I) of _ 107 gm cm2 trans-

verse to its magnetic axis and whenthe satellite was in a geomagnetic
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field (B) of 0.3 gauss, it had a natural period of oscillation (T),

V _ 2 minutes,
I

T : 2_ M--Z -

which is sufficiently small to maintain alignment continuously

even while the direction of the local geomagnetic vector B changes

[see Figure 2, O'Brien, Laughlin, and Gurnett, i%4].

The initial angular kinetic energy which the satellite had

soon after launch was dissipated by hysteresis losses in twenty-

two permalloy rods one-eight inch in diameter and about ii inches

long mounted perpendicular to the magnetic axis. Fourteen of the

rods were mutually perpendicular to the 8 = 0 ° and 8 = 900 axes

and the other eight were parallel to 8 = 900 axis. These rods were

also important in maintaining dynamic alignment later. The align-

ment was measured by two Schonstedt flux gate magnetometers mounted

with their axes parallel to the 8 = 900 and 8 = 130 ° axes,

respectively. The preflight calibrations of these magnetometers

were performed in the Model Ships Magnetic Laboratory of the Naval

Ordnance Laboratory and the inflight checks on these calibrations

and their constancy found that they were accurate and that they

remained constant during the i0 month lifetime of Injun 3 [Fritz_

1965 ].
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Effectiveness of Orientation Mechanism

in Attaining Alignment with the Geo-

magnetic Vector

Soon after launch the satellite's rotational motion showed a

sluggish behavior with an oscillation period in excess of an hour.

At the beginning of the fifth day in orbit, the satellite's rotational

motion changed suddenly to an oscillation about the geomagnetic

vector B with a period of _ i to 2 minutes. These circumstances

were interpreted to mean that the satellite had failed to separate

initially from the last stage of the launch vehicle but became dis-

engaged from the rocket during the fifth day in orbit.

After separation occurred, the angular motion of the satellite

appeared to be magnetically controlled (i.e., simple harmonic in

nature) oscillating about the geomagnetic vector B with an angular

deviation from alignment in excess of 115 ° Figure 34 shows the

maximum deviation from alignment recorded during each revolution.

It is evident from this figure that the hystersis damping mechanism

was able to dissipate the initial angular kinetic energy of the

satellite such that the maximum angular deviation was damped from

a deviation in excess of 115 ° to less than i0 ° in approximately

two weeks. F_gure 34 demonstrates that the passive magnetic
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orientation system of Injun 3 is an effective mechanismfor attain-

ing magnetic alignment in a low altitude satellite. The effectiveness

of this system in maintaining alignment of Injun 3 was then investi-

gated.

Effectiveness of Orientation Mechanism

in Maintaining Alignment with the

Geomagnetic Vector

The Injun 3 magnetGneter data were divided into five sample

intervals in the McIlwain L parameter. These intervals were:

(i) 1.25 < L < 1.30

(2) 1._ T _2.00

(3) 3.0 < L _ 3-5

(4) 5.0 _ L < 6.0

(5) I0.0 < L g12.0

(26.6 ° _ A _ 28.7 ° )

(41.8 ° _ A s 45.O °)

(54.7 ° _ A _ 57.7 ° )

(63.4 ° s A _ 65.9 ° )

(71.6 ° _ A _ 73.2 ° )

Within each of these intervals, the angular deviation from orienta-

tion was calculated every eight seconds for both magnet_neters for

all data (System A) available after January l, 1963, within a

particular interval. These calculated deviations were then sorted

in three different ways:
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i. As a Function of Time

The deviations were grouped into half-month intervals and

the maximum deviation, the mean deviation, and the mean of the

absolute value of the deviations were computed for each half-

month interval. These quantities were plotted for each of the

above L intervals and a representative plot for 5.0 _ L ! 6.0 is

presented in Figure 35.

On examination of these plots, it was found that the maximum

deviation for all L intervals varied in a random way between 5 ° and

15 ° for the full i0 month period except for the period during the

first part of April 1963, when angular deviations from alignment

as high as 25 _ were observed. No satisfactory explanation for these

large deviations has been found. The mean of the absolute value of

deviations always remained less than 5 ° except for this period during

April 1963 when unusually large deviations occurred.

2. As a Histogram of Deviations

Wmthin each uf the L intcrva!s, the _ts were further divided

into two groups: The first group was data taken while the satellite

was traveling away from the magnetic equator, dA/dt > 0 (A being the

invariant latitude defined by the equation L cos 2 A = I); and the

second group was taken while the satellite was traveling toward
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the magnetic equator, dA/dt < 0. This division wasmadebecause

the direction of the geomagnetic vector B changes rapidly near the

magnetic equator [ see Figure 2, O'Brien, Laughlin, and Gurnett,

1964]. This changing direction of B could introduce disturbances

into the system and cause larger deviations.

The numberof times a given angular deviation was observed

was presented in a histogram type of plot for both magnetometers.

The Root-Mean-Square(RMS)deviations were also calculated for

each of the groups and these are presented in Figure 36. On examina-

tion of each of the histograms, it was found that the form of the

histogram and the RMSvalues for dA/dt > 0 were not significantly

different from the values for dA/dt < 0 for each magnetometer,

but the RMSdeviation was approximately one degree larger for the

low L values whencomparedto the higher L values (Figure 36).

These results indicated that the satellite was not as well aligned

whenthe direction of the geQmagneticvector B was changing rapidly,

but that the rapidly changing direction of B introduced no long

term ( > minutes) disturbances into the system.
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3. As a Function of the Scalar

Magnitude of

The angular deviations from alignment were grouped into

the following intervals of I_I :

(1) B < .2oo

(2) .2oo < B < .30o

(3) .3oo< B < .4o0

(4) .4oo < B < .500

(5) .5o0< s

(B in gauss)

for each of the L groups. Within each of the intervals of I_ I ,

the mean deviation and the standard deviations of the individual

readings were calculated. The results of this study showed that

the strength of the geomagnetic field had little effect on the

capability of the orientation mechanism to orient the satellite.

Conclusion

The passive magnetic orientation system described in this

appendix was successful in attaining and maintaining alignment

with respect to the geomagnetic vector [ in the Injun 3 satellite.

Specifically, the orientation mechanism was able to

dissipate the initial angular kinetic energy of the satellite such

that the maximum angular deviation from alignment was damped from

a deviation in excess of 115 ° to less than i0 ° in approximately

two weeks to attain initial alignment. Over the i0 month active
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lifetime of the satellite_ the orientation mechanismwas able to

maintain alignment so that the RMSdeviation was less than 5° at

_Ii latitudes (L). The capability of the orientation mechanismto

maintain alignment was slightly dependent on the rate of changeof

the direction of the geomagneticvector _ (the RMSdeviation was

approximately one degree larger at low latitudes where the direction

of _ is changing rapidly when comparedto the higher latitudes) but

showedlittle dependenceon the strength of the geomagnetic field or

on the sense of travel with respect to the magnetic equator (toward

or away).
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Appendix II

THERESPONSEOFDETECTOR5

In the present paper manyof the findings were based on the

response of Detector 5- Since Detector 5 was a thin-windowed,

open-end Geiger tube, its response could have been due to or con-

taminated by the following:

> 40 keV travelling with pitch(a) Electrons with Ee _
angles at the position of the satellite such that
they would have been precipitated (i.e., mirror
below i00 km altitude).

> 40 keV mirroring near the(b) Electrons with Ee _
satellite which were counted directly or scattered
into the aperture and counted as precipitated
electrons.

(c) Higher energy penetrating electrons and/or brems-
strahlung produced by electrons bombarding the
sat ellit e.

(d) Soft solar x-rays whenthe detector viewed the sun.

In this appendix wewill try to demonstrate that the response of

Detector 5 wasprimarily due to (a) with (b), (c), an_ (d) cont±'ib_t-

ing negligible amounts.

The contamination of the response of Detector 5 due to soft

x-ray was discussed in Chapter IV. Periods whenDetector 5 viewed

the sun were easily identified by the response of the companion

solar aspect sensor and therefore (d) can be eliminated.
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The contamination of the response of Detector 5 due to brems-

strahlung or to high energy penetrating electrons was investigated

with the SpB detector. Both Detector 5 and SpB have approximately

the same omnidirectional geometric factors and similar omnidirectional

shielding [O'Brien, Laughlin, and Gurnett, 1964]. SpB was sensitive

only to the higher energy penetrating protons (Ep _ 70 MeV) or to

bremsstrahlung produced by electrons with E > 2 MeV. Two latitude
e

profiles of the responses of Detector 5 and SpB are presented in

Figure 37 using two of the undisturbed passes presented in Figures 3

and 4. The large variations in the SpB counting rates were mostly

statistical (i count/second corresponded to 8 counts). It will be

noted that the SpB rate as a function of latitude was rarely more

than a few times the cosmic ray background rate whereas the

Detector 5 response was never less than a factor 20 greater than

its response to cosmic ray background. Since a nominal 0.6 cts/second

was always subtracted from the Detector 5 response when the dumping

parameter, _, was calculated, the contribution of (c) can be neglected

as possible source of contamination.

The response of Detector 5 due to trapped electrons being

counted directly or scattered into the aperture was regarded as

the most serious possible source of contamination. Since latitude

profiles of the counting rates of Detector 5 and Detector i were

very similar (i.e., _ was independent of latitude), the problem

appeared even more serious.
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The approach to this problem was to use the experimentally

determined angular response function for Detector 5 and determine

whether the detector could respond to trapped electrons whenthe

satellite wasproperly aligned. The rate of any Geiger tube can

be expressed by the integral,

Rate = I g (E, 8) F (o_,E) dE d2

where

g (E, e) is the Geiger tube response characteristic
as a function of incident particle energy and aper-
ture opening angle, e.

F (_, E) is the particle distribution function
depending on particle energy and pitch angle, _.

The above functions are usually assumedto be separable in each

variable, so

g e)

F (G, E)

(E) (e)A
where A is the effective area of the

tube

Therefore

Rate

CO

Solid

Angle
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In the present case we are really interested in the ratio of the

response of Detector 5 to the response of Detector i.

Ratio = Rate (Det. 5)
Rate (Det. i)

% f % (E)f (_,)dE f % (e)f (_)

Assuming similar window thicknesses and effective areas for the two

213 Geiger tubes, we have

# _5 (e)f (c)
Ratio :

_l (e)f (_)

A form for the particle pitch angle distribution, f (5) must be

assumed. The usual assumption is

f (5) = sinn_

where n is a variable controlling the width of the angular distri-

bution. From the work of Armstrong [1965b], n was determined to

be in the range i < n < 2 for the low altitude outer zone using the

same detector at various B values on a given L shell.

The function e5 (8) was experimentally determined using the

identical flight back-up detector [J. D. Craven and H. K. Hills,

private communication]. By assuming a pitch angle distribution
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Now, if there are no particles being precipitated, there must be

some angle, _D' for which there is a cutoff in the pitch angle

distribution. (That is, all particles with _ <_D will mirror

below i00 km and be lost to the atmosphere.) Therefore for evaluat-

ing the response integral for Detector 5, we assume

f (_) = sinn_ _ --> _D

= O _ < %

and evaluate numerically the integral

2n _ e5 (_) sinn+l_

D

d_

as a function of _D for various values of n. The ratio of the rates

of the two detectors is calculated then as a function of n and _D"

Using the correction for the geometric factors, the ratio of

j ( > 40 keV) dumped to j ( > 40 keV) trapped is also calculated

as a function of n and _D" This functional dependence is presented

in Figure 38.

It was found that Detector 5 had a vanishing response to

any particle with a pitch angle _ > 48 ° (independent of n).

Therefore if the ratio of the fluxes j (Det. 5)/j (Det. i) was

greater than 10 -3 and all particle pitch angles less than 48 °



143

of the above form, the function 65 (e) becomese5 (_) since the

viewing cone of Detector 5 was centered at _ = 0° (i.e., parallel

to the field line). The function eI (e) howeverbecomesa compli-

cated function of _ and _. Therefore

Ratio
e5 (c_) sinn+l_ dczdfl0

eI (c_, fl0)sinn+l dczdfl0

The top integral is the one of interest to us and can be evaluated

numerically since the variables are separable. The bottom integral

is used only as a normalizing function but is very difficult to

evaluate due to the dependenceof eI on both _ and _. T.P.

Armstrong [private communication] has written a computer program

which evaluates the bottom integral assuming,

e (e) = cos e e < el/2
J

= 0 e > el/2

where e.,/o is the opening half angle of the detector aperture.
-u/ __

This approximation should be sufficient here. Using 81/2 = 13 °

for Detector i, the computer integrations gives,

e (5, _) sinn+l_ d_ d_ = 0.1006 for n = 0

0.0998 for n = i

0.0991 for n = 2



146

REFERENCES

Akasofu, S.-l._ "Electrodynamics of the magentosphere: ge_nagnetic

storms," Space Science Reviews _, 21-143 (1966).

Armstrong, T., "Morphology of the outer zone electron distribution

at low altitudes from January through July and September_

1963 frQm Injun 3," J. Geophys. Res. 7° , 2077-2110 (1965a).

Armstrong, To, "Angular distribution of outer zone electrons at

250- to 2_o0-km altitude," Trans. ACU 46, 528-529 (1965b).

Block, Lars P._ "Coupling between the outer magnetosphere and the

high latitude ionosphere," Royal Institute of Technology

Research Report, Nr 65-13 (1966) o

Chang; D. B. and Lo D. Pearlstein, "On the effect of reasonant

magnetic-moment violation on trapped particles," J. Geophys.

Res. 70, 3075-3083 (1965).

Cladis, J. D.; L. F. Chase, W. L. Imhof, and D. J. Knecht, "Energy

spectrum and angular distributions of electrons trapped in

the ge_nagnetic field," J. Geophys. Res. 66, 2297-2312 (1961).

Cornwall, John M., "Scattering of energetic trapped electrons by

very-low frequency waves," J. Geophys. Res. 69, 1251-1258

(1964).

Craven; J. D.; "Temporal variations of electron intensities at low

altitudes in the outer radiation zone as observed with

satellite Injun 3," J. Geophys. Res. 71, 5643-5663 (1966).

Dessler; A. J. and R. Karplus, "Some effects of diamagnetic ring

currents on Van Allen radiation," J. Geophys. Res. 66,

2289-2295 (1961).

Dragt, A. J., "Effects of hydromagnetic waves on the lifetime of

Van Allen radiation protons," J. Geophys. Res. 66, 1641-

1649 (1961).



145

mirrored below the atmosphere (i00 km), then it must be concluded

that Detector 5 was responding to precipitated particles.

Over North America where most of the satellite data were

taken BIO0km = 0.47 to 0.58 gauss for outer zone latitudes.

This corresponded to the restriction that Detector 5 was respond-

ing to precipitated particles at the position of the satellite

when

Blocal _ B(lo0 km) sin2 48°

or

Bloca I _ 0.26 gauss for A _ 45 °

0.28 gauss for A _ 55 °

0.32 gauss for A _ 70 °

conditions which were easy to satisfy.



148

Fritz, T. A. and D. A. Gurnett, "Diurnal and latitudinal effects

observed for lO-keV electrons at low satellite altitudes,"

J. Geophys. Res. 70, 2485-2502 (1965)•

Gurnett, D. A. and B. J. O'Brien, "High-latitude geophysical studies

with satellite Injun 3- 5. Very low frequency electromagnetic

radiation," J. Geophys. Res. 69, 65-90 (1964).

Johansen, O. E., "Variations in energy spectrum of auroral electrons

detected by simultaneous observation with photometer and

riometer," planet. Space Sci. 13, 225-235 (1965).

Kennel, Charles F., "Parasitic electron precipitations" Trans. AGU

4_8,180 (1967).

Kennel_ C. F. and H. E. Petschek, "Limit on stably trapped particle

fluxes," J. Geophys. Res. 71, 1-29 (1966a).

Kennel, C. F. and H. E. Petachek 3 "Van Allen belt plasma physicss"

Avco Everett Res. Rept. 2593 December 1966b.

Kennel, C. F. and R. M. Thorne, "Unstable growth of unducted whistlers

propagating at an angle to the geamagnetic fields" J. Geophys.

Res. 723 871-878 (1967).

• "A satellite borne magnetic electron spectrameter,Laughlin 3 C D.3

U. of Iowa Research Report 60-14 (1960).

Maehlum, B. and B. J. O'Brien 3 "Study of energetic electrons and

their relationship to auroral absorption of radio waves,"

J. Geophys. Res. 68, 997-1010 (1963).

McDiarmid, I. B. and J. R. Burrows 3 "Diurnal intensity variations

in the outer radiation zone at i000 km3" Can. J. Phys. 423

1155-1148 (1964).

McDiarmid 3 I. B.3 J. R. Burrows, E. E. Budzinski3 and Margaret D.

Wilson, "S_ne average properties of the outer radiation zone

at 1000 kms" Can. J. Phys. 4-13 2064-2079 (1963).



147

Dungey, J. W., "Effects of electromagnetic perturbations on particles

trapped in the radiation belts," Space Science Reviews _,

199-222 (1965).

Evans, David S., "A i0 cps periodicity in the precipitation of

auroral zone electrons," NASA GSFC Res. Rept. X-611-67-216,

May 1967.

Eviatar, Aharon, "The role of electrostatic plasma oscillations in

electron scattering in the earth's outer magnetosphere,"

J. Geophys. Res. 71, 2715-2728 (1966)•

Fairfield, D. H., "lonospheric current patterns in high latitudes,"

J. Geophys. Reso 68, 3589-3602 (1963).

Fsirfield, D. H., "A study of the high latitude ionospheric current

patterns--with emphasis on the 12th hour UT," Penn. State

lonospheric Res. Rept. 217 (1964)•

F_ithammer, Carl-Gunne, "Effects of time dependent electric fields

on gecmagnetically trapped radiation," J. Geophys. Res. 70,

2503-2516 (1965).

• "The growth of our knowledge of the earth's outerFarley, T A.,

radiation zone," Reviews of Geophysics _, 3-34 (1963)•

Frank, L A., "A survey of electrons beyond ! RE with Explorer 14,"
J[ Geophys. Res. 70, 1593-1626 (1965)

Frank, L. A., J. A. Van Allen, and J. D. Craven, "Large diurnal

variations of geQmagnetically trapped and of precipitated

electrons observed at low altitudes," J. Geophys. Res. 69,

3155-3167 (1964).

• "A latitude survey of the electron energy spectrum inFritz, T A.,

the outer zone (unpublished Master's thesis, Department of

Physics and Astronomy, University of lowa, 1964).

Fritz, T. A., "The passive magnetic orientation of satellite Injun 33"

U. of lowa Research Report 65-21 (1965).



15o

O'Brien, B. J. and H. Taylor, "High-latitude geophysical studies

with satellite Injun 3- 4. Auroras and their excitation,"

J. Geophys. Res. 69, 45-63 (1964).

O'Brien, B. J., J. A. Van Allen, C. D. Laughlin, and L. A. Frank,
"Absolute electron intensities in the heart of the earth's

outer radiation zone, " J. Geophys. Res. 67, 397-403 (1962).

Parthasarathy, R., F. T. Berkey, and D. Venkatesan, "Auroral zone
electron flux and its relation to broadbeam radiowave

absorption, " Planet. Space Sci. 14, 65-83 (1966).

Persson_ H., "Electric field parallel to magnetic field in a low

density plasmaj"Phys. Fluids _, 1090-1098 (1966).

Rao, C. S. R., "Study of the temporal variations of 40 keY electrons

in the magnetosphere during and after the magnetic storm on

April 18, 1965, " U. of lowa Research Report 67-16, 1-60 (1967).

Roberts, C. S., "Electron loss from the Van Allen zones due to pitch

angle scattering by electromagnetic disturbances, Radiation

Trapped in the Earth's Magnetic Field," Proceedings of Ad-

vanced Study Institute, 403-421 (1966).

Smullin, L. D. and W. D. Getty, "Generation of a hot, dense plasma

by a collective beam-plasma interaction," Phys. Rev. Letters

2, 3-6 (1962).

Stilwell, D. E., "Observations of intense, low energy electron fluxes

in the outer zone during January and March_ 1963," U. of Iowa

Research Report 63-28, i-iii (1963).

Stix, Thomas H._ "Energetic electrons from a beam-plasma overstability,"

Phys. Fluids _, 1960-1979 (1964).

Taylor, Harold E. and Edward W. Hones, Jr., '_diabatic motion of

auroral particles in a model of the electric and magnetic

fields surrounding the earth," J. Geophys. Res. 70, 3605-

3628 (1965).

Thorne, R. M. and C. F. Kennel, "Quasi-trappedVLF propagation in

the outer magnetosphere," J. Geophys. Res. 72, 857-870 (1967).



149

Mcllwain; C. E., "Coordinates for mapping the distribution of
magnetically trapped particles," J. Geophys.Res. 66,
3681-3691 (1961).

Mcllwain; C. E., "Direct measurementsof particles producing visible
aurorae," J. Geophys.Res. 65, 2727-2747 (1960).

Mcllwain, C. E., "Processes acting upon outer zone electrons.
I. Adiabatic perturbations, presented at Inter-Union
Symposiumon Solar-Terrestrial Physics, Belgrade,
Yugoslavia, Septemberi, 1966.

Mihalov, J. D. and R. S. White, "Energetic electron spectra in the
radiation belts," J. Geophys.Res. 71, 2217-2226 (1966).

Mozer; F. S. and Po Bruston, "Electric field measurementsin the
auroral ionosphere," J. Geophys.Res. 72, 1109-1114 (1967).

0'Brien, B. J., "High latitude geophysical studies with satellite
Injun 3- 3. Precipitation of electrons into the atmosphere,"
J. Geophys.Res. 69, 13-43 (1964).

O'Brien, B. J., "Lifetimes of outer-zone electrons and their precipi-
tation into the atmosphere," J. Geophys.Res. 67, 3687-3706
(1962).

O'Brien; B. J. and C. D. Laughlin, "Electron precipitation and the

outer radiation zone, Space Research III, Proceedings of the

Third International Space Science Symposium;" edited by W.

Priester, North Holland Publishing Co., 399-417 (1963).

O'Brien, B. J., C. D. Laughlin; and D. A. Gurnett, "High-latitude

geophysical __-- w _+_._........._%_llite Tnjlln_ 3 . i . Description

of the satellite," J. Geophys. Res. 69, 1-12 (1964).

O'Brien, B. J., C. D. Laughlin, J. A. Van Allen, and L. A. Frank,

"Measurements of the intensity and spectrum of electrons at

!000 km altitude and high latitudes," Jo Geophys. Res. 67,

1209-1225 (1962).



152

FIGURECAPTIONS

Figure i. Spectral response passbands of several Injun 3
detectors.

Figure 2. Background responses of the Injun 3 differential

spectrometer channels to galactic cosmic rays over the

polar caps of the earth.

Figure 3. A sample pass through the outer zone exhibiting

undisturbed electron characteristics.

Figure 4. Four examples of undisturbed passes taken in different
sectors of local time.

Figure 5. Four examples of undisturbed passes. Rev 1700, Rev 1923_

and Rev 1981 exhibited the absence of a "spike" of precipitat-

ing electrons at the boundary and Rev 1708 illustrated con-

tamination of the Detector 5 response by solar x-rays near
the local noonmeridian.

Figure 6. Magnetic conditions during the active lifetime of

Injun 3.

Figure 7. Twopasses (Rev 239 and Rev 241) of a series taken on

January 1-2_ 1963 during a magnetically quiet period in which
large amountsof _ 40 keV electrons were observed precipitating

into the atmosphere.

Figure 8. Continuation of the series of Figure 7 (Rev 243 and

Rev 244).

Figure 9. Continuation of the series of Figure 7 (Rev 252 and

Rev 253).
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Figure 20. An example of a pass (Rev 3999) taken in the southern

hemisphere in which the intense flux of > i0 keV electrons
m

mirrored at i000 km and was observed at the satellite moving

toward the equatorial plane.

Figure 21. A scatter plot of the spectral parameter, 7, for the

interval from 40 keV to i00 keV calculated at positions of

integral and half-integral L values. The statistical

parameters for the data are also shown.

Figure 22. Scatter plots of the spectral parameter, 7, for the

interval from 40 keV to i00 keV as a function of the

scalar value of the geomagnetic field intensity, B3 for

the regions 3.0 < L < 3.5 and 5.0 < L < 8.0 with the

dependence of 7 on L normalized (see text) to 7 = 2.0 in

each plot. The statistical parameters associated with

each plot are also shown.

Figure 23. Scatter plots of the spectral parameter, 7, for the

interval from 40 keV to i00 keV as a function of the daily

Kp sums geomagnetic activity index for the regions

2.0 _< L _< 3.0 and 4.5 _< L _< 8.0 with the dependence of 7

on L normalized (see text) to 7 = 2.0 in each plot. The

statistical parameters associated with each plot are also

shown.

Figure 24. Scatter plots of the spectral parameter, 7, for the

interval from 40 keV to i00 keV as a function of the

intensity of trapped electrons with E > 40 keV for the
e n

region 2.0 _< L < 3.0 and L _> 4.5 with the dependence of

7 on L normalized (see text) to 7 = 2.0 in each plot.

The statistical parameters associated with each plot are

also shown.
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Figure i0. Continuation of the series of Figure 7 (Rev 255).

Rev 243 is a pass through the outer zone in the southern

hemisphere recorded between Rev 243 and Rev 244 of

Figure 8.

Figure ii. A summary of the variations observed in the series of

passes Rev 239--Rev 255 at A = 50 °, A = 55 °, A = 60 °,

A = 65 °, and A = 68 ° for January i-2, 1963.

Figure 12. Four consecutive passes through the high latitude

boundary recorded near the midnight meridian.

Figure 13. Four passes taken a day apart through similar L, B_

MLT coordinates which were recorded during the magnetic

disturbance of April 2-11, 1963.

Figure 14. Continuation of Figure 13.

Figure 15. A summary of the variations observed in the series of

passes presented in Figures 13 and 14 at A = 50 °, A = 55 °,

A = 60 °, A = 65 °, and A = 68 ° for April 2-11, 1963.

Figure 16. An example of a pass (Rev 2354) on which an intense

flux of > i0 keV electrons was observed precipitating into

the atmosphere.

Figure 17. Consecutive passes around Rev 2354 of Figure 16 _llus-

trating the temporal characteristics associated with the

intense fluxes of > i0 keV precipitating electrons.

Figure 18. Four examples of passes on which an intense flux of

> i0 keV electrons was observed precipitating into the

atmosphere.

Figure 19. Continuation of Figure 18.
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Figure 32. A scatter plot of the spectral parameter, 7, for the
interval from i0 keV to 40 keV as a function of

j (Ee __i0 keV) with the statistical parameters asso-
ciated with the plot.

Figure 33. A scatter plot of the spectral parameter, 7, for the
interval from i0 keV to 40 keV as a function of the three

hour planetary K index with the statistical parametersP
associated with the plot.

Figure 34. The maximuminitial angular deviation from alignment

as a function of time for satellite Injun 3.

Figure 35. An exampleof the results of the study of the angular

deviation from magnetic alignment as a function of time for

5.0 _ L _ 6.0 during the active lifetime of satellite

Injun 3.

Figure 36. The rms deviation from alignment during the satellite
active lifetime as a function of latitude.

Figure 37. Samplecounting rate profiles as a function of latitude

for Detector 5 and SpBduring undisturbed conditions.

Figure 38. Variation of the ratio of j (Ee __40 keV) dumpedto

j (Ee __40 keV) trapped as a function of the loss cone

cutoff angle_ _D' for various assumedparticle pitch angle
di st ribut ions.
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Figure 25. A scatter plot of the spectral parameter, y, for the

interval from 40 keV to i00 keV as a function of the

intensity of precipitated electrons with E _ 40 keV for
e m

the region 5.0 _ L _ 8.0. The statistical parameters for

the data are also shown.

Figure 26. A scatter plot of the spectral parameter, y, for the

interval from 40 keV to i00 keV as a function of the

degree of precipitation occurring in the region

5.0 _ L _ 8.0. The statistical parameters for the data

are also shown.

Figure 27. A scatter plot of the spectr_l parameter_ 7, for the

interval from 40 keV to i00 keV as a function of the
O

intensity of the 3914 A auroral light emission.

Figure 28. Scatter plots of the dumping parameter, _ , as a

function of L for all data and for data only with

B _ 0.300 gauss. The statistical parameters for the data

are also shown.

Figure 29. Frequency of occurrence for near isotropic distribu-

tions (_ _ 0.32) as a function of the geomagnetic field

int ensity_ B.

Figure 30. A scatter plot of the spectral parameter_ 7_ for the

interval f_om i0 keV to 40 keV as a function of invariant

latitude_ A_ with the statistical parameters associated

with the plot.

Figure 31. A scatter plot of the spectral parameter_ 7, for the

interval from i0 keV to 40 keV as a function of magnetic

local time_ MLT_ with the statistical parameters asso-

ciated with the plot.
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